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Preface 



This book provides a general introduction to the topic of three-dimensional 
analysis and design of buildings for resistance to the effects of earthquakes. It is 
intended for a general readership, especially persons with an interest in the 
design and construction of buildings under servere loadings. 

A major part of design for earthquake resistance involves the building 
structure, which has a primary role in preventing serious damage or structural 
collapse. Much of the material in this book examines building structures and, 
specifically, their resistance to vertical and lateral forces or in combinations. 
However, due to recent discovery of the vertical component of acceleration of 
greater magnitude in the kobes’ earthquake the original concept of “lateral 
force only” has changed. This book does advocate the contribution of this 
disastrous component in the global analytical investigation. 

When the earthquake strikes, it shakes the whole building and its contents. 
Full analysis for design layout and type of earthquakes, therefore, must include 
considerations for the complete building construction, the building contents 
and the building occupants. 

The work of designing for earthquake effects is formed by a steady stream of 
studies, research, new technologies and the cumulative knowledge gained from 
forensic studies of earthquake-damaged buildings. Design and construction 
practices, regulating codes and professional standards continuously upgraded 
due to the flow of this cumulative knowledge. Hence, any book on this subject 
must regularly be updated. Since the effects are not the same, the earthquake 
forces are always problematic. 

Over the years, earthquake has been the cause of great disasters in the form 
of destruction of property and injury and loss of life to the population. The 
unpredictability and sudden occurrence of earthquakes make them somewhat 
mysterious, both to the general public and to professional building designers. 
Until quite recently, design for earthquakes - if consciously considered at all - 
was done with simplistic methods and a small database. Extensive study and 
research and a great international effort and cooperation have vastly improved 
design theories and procedures. Accordingly, most buildings in earthquake- 
prone areas today are designed in considerable detail for seismic resistance. 
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Despite the best efforts of scientists and designers, most truly effective design 
methods are those reinforced by experience. This experience, unfortunately, 
grown by leaps when a major earthquake occurs and strongly affects regions of 
considerable development - notably urban areas. Observation of damaged 
buildings by experts in forensic engineering adds immeasurably to our knowl- 
edge base. While extensive research studies are ongoing in many testing labora- 
tories, the biggest laboratory remains the real world and real earthquakes. 

Design decisions that affect the seismic response of buildings range from 
broad to highly specific ones. While much of this design work may be performed 
by structural engineers, many decisions are made by, or are strongly affected by, 
others. Building codes and industry standards establish restrictions on the use 
of procedures for analysis of structural behaviour and for the selection of 
materials and basic systems for construction. Decisions about site development, 
building placement on sites, building forms and dimensions and the selection of 
materials and details for construction are often made by so many others too. 

On this respect it was necessary that the reader should look into codes of 
practice in certain countries prone to major earthquakes. Some codes including 
the Eurocode-8 are given together with numerical and analytical methods for 
comparative studies. This approach enhances the design quality and creates 
confidence in the designer on his/her work. 

While ultimate collapse of the Building structure is a principal concern, the 
building’s performance during an earthquake must be considered in many other 
ways as well. If the structure remains intact, but structural part of the building 
sustains critical damage, occupants are traumatized or injured, and it is infeasible 
to restore the building for continued use; the design work may not be viewed as 
success. However, the necessity sometimes governs. Some countries may not have 
sophisticated tools and resources. Others must assist to provide them. 

The work in this book is mostly analytical and hence should be accessible to 
the broad range of people in the building design and construction fields. This 
calls for some compromise since all are trained highly in some areas and less - or 
not at all - in others. The readers should have general knowledge of building 
codes, current construction technology, principal problems of planning build- 
ings and at least an introduction to design of simple structures for earthquake- 
prone buildings. Most of all, readers need some real motivation for learning 
about making buildings safer during earthquakes. Many design examples and 
case studies are included to make the book fully attractive to all and sundry. 

Readers less prepared may wish to strengthen their backgrounds in order to 
get the most from the work in this book. The author gives a vast bibliography at 
the end of this book and a list of references after each chapter so that the reader 
can carryout an in-depth study on a specific area missed out in detail. The 
reader hopefully will understand the need for grappling with this complex 
subject. 

This book addresses the perplexing problem of how to maintain operability 
of equipment after a major earthquake. The programme is often more compli- 
cated than simple anchorage. Some critical types of equipment, for example, 
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are likely to fail operationally (false signalling of switches, etc.) even if adequate 
base anchorage has been provided. It is the goal of this book to point out to the 
reader with a plan whereby equipment must be classified and subsequently 
qualified for the postulated seismic environment in a manner that best suits 
the individual piece of equipment. In some cases this qualification and analysis 
can be accomplished only by sophisticated seismic testing programme, while at 
the other end of the spectrum, equipment sometimes may be qualified simply by 
adequate architectural detailing. All too often, professional design teams and 
owners rely on an electric plug and gravity to keep a critical piece of equipment 
in place during an earthquake and functional afterwards. Obviously, this is less 
than desirable situation. One part of the suggestion is devoted to the qualifica- 
tion procedures which include 

• Testing 

• Analyses 

• Designer’s judgement 

• Prior experience 

• Design earthquakes 

• Seismic categories for equipment 

• Design specification procedures 

The reader can easily be advised to refer to relevant codes such as Eurocode 8 
and its supplements and parts. This book does not go into details regarding the 
above procedures but only concentrates on the analytical/design methodology. 

The discussion of these topics leaves the designer with a complete course of 
action for qualifying all types of equipments, such as seismic devices to control 
the building structures during earthquakes. The author for this reason gives a 
comprehensive chapter on the subject. 

One major measure to mitigate the earthquake hazards is to design and build 
structures through better engineering practices, so that these structures possess 
adequate earthquake-resistant capacity. Considerable research efforts have 
been carried out in the USA, Japan, China and other countries in the last few 
decades to advance earthquake engineering knowledge and design methods. 
This book summarizes the state-of-the-art knowledge and worldwide experi- 
ences, particularly those from China and the USA, and presents them system- 
atically in one volume for possible use by engineers, researchers, students, and 
other professionals in the field of earthquake engineering. Considering the 
active research and rapid technological advances which have taken place in 
this field, there has been a surprising shortage of suitable textbooks for senior 
level or graduate level students. This book also attempts to help fill such a gap. 

The book consists of 10 major parts: engineering seismology and earth- 
quake-resistant analyses and design. Special attention is placed on bridging 
the gap between these disciplines. For the convenience of the reader, funda- 
mentals of seismology, earthquake engineering and random processes, which, 
can be useful tools to describe the three-dimensional ground motions are given 
to assess the structural or soil response to them. Vast chapters are included. 
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This is followed by describing earthquake intensity, ground motions and its 
damaging effects. In the ensuing chapters concerning the earthquake-resistant 
design, both fundamental theories and new research problems and design 
standards are introduced. In this book stochastic methods are introduced 
because of their potential to offer a new dimension in earthquake engineering 
applications. These two areas have been subjected to intensive research in recent 
years and there is a potential in them to provide solutions to some special 
problems which might not be amenable to conventional approaches. Appen- 
dices are given for supporting analyses. Computer subroutines, which can be 
used with any known packages to suit the reader. 

Although this book may appear to present a daunting amount of material, it 
is, nevertheless, just a toe in the door of the vast library of knowledge that exists. 
Readers may use this book to gain general awareness of the field or to launch a 
much more exhaustive programme of study. 

On design sides, many codified methods have been briefly mentioned. The 
Eurocode EC-8 and the American codes with examples have been highlighted. 

The book will serve as a useful text for teachers preparing design syllabi for 
undergraduate and postgraduate courses. Each major section contains a full 
explanation which allows the book to be used by students and practicing 
engineers, particularly those facing formidable task of having to design/detail 
complicated building structures with unusual boundary conditions. Contrac- 
tors will also find this book useful in the preparation of construction drawings, 
and manufacturers will be interested in the guidance even in the text recording 
codified and newly developed methods and the manufacture of earthquake 
resistant devices. 

London, UK M.Y.H. Bangash 
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Generalised Notation 



In advanced analysis and numerical modelling certain welknown notations are 
used universaly. These together with the ones given in the text are to be adopted. 
Where ever additional notations are necessary, especially in the codes for the 
design of structural elements, they should be defined clearly in this area. 

Based on specific analyses, the analyst has the options to substitute any 
notations which are clearly defined in the analytical or computational work. 



A 

A 

^0 
^4 ST 
Ay 

A 


Constant 

Projected area, hardening parameter 
Initial surface area 
Surface area of the enclosure 
Vent area 

Normalized vent area 


a 
a o 


Radius of the gas sphere 

Loaded length, initial radius of gas sphere 


B 

[5] 

BG 

b 

b\ 


Burden 

Geometric compliance matrix 
Blasting gelatine 
Spaces between charges 
Distance between two rows of charges 


Cr>,Cd 

C' d 

Cf 

c, 

[Q„] 

c P 

C r 

Cv 

C&i ^1) C0 


Drag coefficient or other coefficients 

Discharge coefficient 

Charge size factor, correction factor 

A coefficient which prevents moving rocks from an instant velocity 

Damping coefficient matrix 

Specific heat capacity at constant pressure 

Reflection coefficient 

Specific heat capacity at constant volume 

Coefficients for modes 
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Generalised Notation 



D Depth of floater, diameter 

[ D ] Material compliance matrix 

D a Maximum aggregate size 

D x Diameter of ice 

D p Penetration depth of an infinitely thick slab 

DIF Dynamic increase factor 

d Depth, diameter 

d 0 Depth of bomb from ground surface 

E Young’s modulus 

Fb Young’s modulus of the base material 

A F er Maximum energy input occurring at resonance 

F ic Young’s modulus of ice 

F K Energy loss 

F na Energy at ambient conditions 

F ne Specific energy of explosives 

F R Energy release 

E t Tangent modulus 

e Base of natural logarithm 

e Coefficient of restitution, efficiency factor 

F Resisting force, reinforcement coefficient 

F a( i The added mass force 

Fx{t) Impact 

Fit) Impulse/impact 

F s Average fragment size shape factor 

f Function 

/ Frequency (natural or fundamental), correction factor 

/ a Static design stress of reinforcement 

f c Characteristic compressive stress 

/' Static ultimate compressive strength of concrete at 28 days 

/ *i Coupling factor 

/ d Transmission factor 

/d C Dynamic ultimate compressive strength of concrete 

/d s Dynamic design stress of reinforcement 

/du Dynamic ultimate stress of reinforcement 

/ dyn Dynamic yield stress of reinforcement 

/ TR Transitional factor 

/ u Static ultimate stress of reinforcement 

f y Static yield stress of reinforcement 



G Elastic shear modulus 

G a Deceleration 

Gf Energy release rate 
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Gm, Gs 
g 


Moduli of elasticity in shear and mass half space 
Acceleration due to gravity 


H 

H s 

HE 

HP 

h 


Height 

Significant wave height 
High explosion 
Horsepower 
Height, depth, thickness 


I 

M 

h 

h 


Second moment of area, identification factor 
Identity matrix 

The first invariant of the stress tensor 
Injection/extraction of the fissure 


J 1? *^2? *^3 

/ F? J 


First, second and third invariants of the stress deviator tensor 
Jacobian 


K 

[K c \ 

K s 

K TO t 

K w 

K a 

KE 

k CY 

K 

k t 


Vent coefficient, explosion rate constant, elastic bulk modulus 

Element stiffness matrix 

Probability coefficients 

Stiffness coefficient at impact 

Composite stiffness matrix 

Reduction coefficient of the charge 

Correction factor 

Kinetic energy 

Size reduction factor 

Heat capacity ratio 

Torsional spring constant 


L 

L' 


Length 

Wave number 


U 

In, loge 

k 


Length of the weapon in contact 

Natural logarithm 

Projected distance in x direction 


M 

[M] 

M' 

*M a 

M p 

m 


Mach number 
Mass matrix 

Coefficient for the first part of the equation for a forced vibration 

Fragment distribution parameter 

Ultimate or plastic moment or mass of particle 

Mass 


N 

N c 


Nose-shaped factor 
Nitrocelluloid 
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Nf Number of fragments 

Coefficient for the second part of the equation for a forced 
N' vibration 

NG Nitroglycerine 

n Attenuation coefficient 

Pi Interior pressure increment 

P m Peak pressure 

P u Ultimate capacity 

PE Potential energy 

PETN Pentaerythrite tetra-nitrate 

p Explosion pressure 

p a Atmospheric pressure 

p d Drag load 

p d f Peak diffraction pressure 

p gh Gaugehole pressure in rocks 

Pressure due to gas explosion on the interface of the gases and the 
p pa medium 

p r Reflected pressure 

p ro Reflected overpressure 

p s Standard overpressure for reference explosion 

p so Overpressure 

P stag Stagnation pressure 

2s P Explosive specific heat (TNT) 

q do Dynamic pressure 

Distance of the charge weight gas constant, Reynolds number, 

R Thickness ratio 

R' Radius of the shock front 

{R(r)} Residual load vector 

R t Soil resistance 

R yd Cavity radius for a spherical charge 

R w r s Radius of the cavity of the charge 

r Radius 

r G , r $ Factors for translation, rocking and torsion 

S{ Slip at node i 

Sy Deviatoric stress 

*S L Loss factor 

S V rj(f) Spectral density of surface elevation 

s ±iuot or distance or wave steepness, width, slope of the semi-log 

T Temperature, period, restoring torque 

T a Ambient temperature 

T d Delayed time 
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T\ Ice sheet thickness 

T ps Post shock temperature 

[ T"] Transformation matrix 

TR Transmissibility 

t Time 

Arrival time 
G v Average time 

t c Thickness of the metal 

t d Duration time 

t Qxp Expansion time 

ti Ice thickness 

t p Thickness to prevent penetration, perforation 

t sc Scabbing thickness, scaling time 

t sp Spalling thickness 

U Shock front velocity 

u Particle velocity 

V Volume, velocity 

V Velocity factor 

U R „ Velocity at the end of the nth layer 

v h Fragment velocity or normalized burning velocity 

v bt Velocity affected by temperature 

v c Ultimate shear stress permitted on an unreinforced web 

v con Initial velocity of concentrated charges 

Vf Maximum post-failure fragment velocity 

i^i n , vo Initial velocity 

v\ Limiting velocity 

v m Maximum mass velocity for explosion 

v p Perforation velocity 

v pz Propagation velocities of longitudinal waves 

v KZ Propagation velocities of Rayleigh waves 

v T Residual velocity of primary fragment after perforation or y/E/p 

Velocity of sound in air or striking velocity of primary fragment 
v s or missile 

v so Blast-generated velocity at initial conditions 

v su Velocity of the upper layer 

v sz Propagation velocities of transverse waves 

t; szs Propagation velocity of the explosion 

v' xs Initial velocity of shock waves in water 

v z Phase velocity 

v zp Velocity of the charge 
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w 

W 1/3 , Y 

w x 

M'a 

Wf 

X 

X 

X 

X, 

X {x) 

*0 

X 

X 

X 

x' 

{x}* 

x cr 

Xi 

X n 

Xp 

x r 


Charge weight 
Weapon yield 

Weight of the target material 
Maximum weight 
Forcing frequency 
Amplitude of displacement 
Amplitude of velocity 
Amplitude of acceleration 
Fetch in metres 

Amplitude of the wave at a distance x 

Amplitude of the wave at a source of explosion 

Distance, displacement, dissipation factor 

Relative distance 

Velocity in dynamic analysis 

Acceleration in dynamic analysis 

Displacement vector 

Crushed length 

Translation 

Amplitude after n cycles 
Penetration depth 
Total length 


Z 


Depth of the point on the structure 


a 

(Xb 

ck' 

(X 

/? 

p 

7 

7f 

6 

6 

*ij 

<V, 6' m , ^ 
6 st 
6< 
e 
£ 

e d 

T) 

e 


Cone angle of ice, constant for the charge 

Spring constants 

Factor for mode shapes 

Angle of projection of a missile, constant 

Constant 

Constant for the charge, angle of reflected shock 
Constant 

Damping factor, viscosity parameter 

Particle displacements 
Pile top displacement 
Kronecker delta 
Element displacement 
Static deflection 
Time increment 
Strain 
Strain rate 

Delayed elastic strain 
Surface profile 
Deflection angle 
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A 

Mf 

V 

Pa. 

Pw 

(J 

^cu 

O' f 

(CT„„) C 

Kt) c 

Opi 

O t 

To 



UJ 

l, m, n,p, 
q, r, s, t 
X, Y, Z; 
x, y, z 

( i, v . 0 



Average crack propagation angle 

A constant of proportionality 

Jet fluid velocity 

Poisson’s ratio 

Mass density of stone 

Mass density of water 

Stress 

Crushing strength 
Ultimate compressive stress 
Ice flexural strength 
Interface normal stress 
Interface shear stress 
Peak stress 

Uniaxial tensile strength 
Crack shear strength 
Phase difference 
Circumference of projectile 
Circular frequency 

Direction cosines 

Cartesian coordinates 
Local coordinates 
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Conversion Tables 



Weight 


1 g = 0.0353 oz 


1 oz 


= 28.35 g 


1 kg = 2.205 lbs 


1 lb 


= 0.4536 kg 


1 kg = 0.197 cwt 


1 cwt 


= 50.8 kg 


1 tonne = 0.9842 long ton 


1 long ton 


= 1.016 tonne 


1 tonne = 1.1023 short ton 


1 short ton 


= 0.907 tonne 


1 tonne = 1000 kg 


1 stone 


= 6.35 kg 


Length 


1 cm = 0.394 in 


1 in 


= 2.54 cm = 25.4 mm 


lm = 3.281 ft 


1 ft 


= 0.3048m 


lm = 1.094 yd 


1 yd 


= 0.9144m 


1 km = 0.621 mile 


1 mile 


= 1.609 km 


1 km = 0.54 nautical mile 


1 nautical mile = 1.852 km 


Area 


1 cm 2 = 0.155 in 2 


1 in 2 


6.4516 cm 2 


1 dm 2 = 0.1076 ft 2 


1 ft 2 


9.29 dm 2 


lm 2 = 1.196 yd 2 


1 yd 2 


0.8361m 2 


1 km 2 = 0.386 sq mile 


1 sq mile = 


2.59 km 2 


1 ha = 2.47 acres 


1 acre = 


0.405 ha 


Volume 


1 cm 3 = 0.061 in 3 


1 in 3 


= 16.387 cm 3 


1 dm 3 = 0.0353 ft 3 


1 ft 3 


= 28.317 dm 3 


lm 3 = 1.309 yd 3 


1 yd 3 


= 0.764m 3 


lm 3 = 35.4 ft 3 


1 ft 3 


= 0.0283m 3 


1 litre = 0.220 Imp gallon 


1 Imp gallon = 4.546 litres 


1000 cm 3 = 0.220 Imp gallon 
1 litre = 0.264 US gallon 


1 US gallon 


= 3.782 litres 
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Conversion Tables 



Density 

1 kg/m 3 = 0.6242 lb/ft 3 1 lb/ft 3 = 16.02 kg/m 3 



Force and pressure 

1 ton = 9964 N 
1 lbf/ft = 14.59 N/m 
1 lbf/ft 2 = 47.88 N/m 2 
llbfin = 0.113Nm 

1 psi = llbf/in 2 = 6895 N/m 2 = 6.895 kN/m 2 
1 kgf/cm 2 = 98070 N/m 2 
1 bar = 14.5 psi = 10 5 N/m 2 
1 mbar = 0.0001 N/mm 2 
1 kip = 1000 lb 



Temperature, energy, power 

1°C = 5/9(°F - 32) 

OK = — 273.16°C 
0°R = — 459.69°F 

Notation 

lb = pound weight 
Lbf = pound force 
in = inch 
cm = centimetre 
m = metre 
km = kilometre 
d = deci 
ft foot 
ha = hectare 
s = second 

°C = centigrade = Celsius 
K = Kelvin 



1 J =1 milli-Newton 
1 HP = 745.7 watts 
1 W = 1 J/s 

1 BTU = 1055 J 

°R = Rankine 

°F = Fahrenheit 

oz = ounce 

cwt = one hundred weight 

g = gram 

kg = kilogram 

yd = yard 

HP = horsepower 

W = watt 

N = Newton 

J = Joule 
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Chapter 1 

Introduction to Earthquake with Explanatory 
Data 



1.1 Earthquake or Seismic Analysis and Design Considerations 

1.1.1 Introduction 

Earthquakes can cause local soil failure, surface ruptures, structural damage 
and human deaths. The most significant earthquake effects on buildings or their 
structural components result from the seismic waves that propagate outwards 
in all directions from the earthquake focus. These different types of waves can 
cause significant ground movements up to several hundred miles from the 
source. The movements depend on the intensity, sequence, duration and the 
frequency content of the earthquake-induced ground motions. For design 
purposes ground motion is described by the history of hypothesized ground 
acceleration and is commonly expressed in terms of the response spectrum 
derived from that history. When records are unavailable or insufficient, 
smoothed response spectra are devised for design purposes to characterize the 
ground motion. In principle, the designers describe the ground motion in terms 
of two perpendicular horizontal components and a vertical component for the 
entire base of the structure 

When the history of ground shaking at a particular site or the response 
spectrum derived from this history is known, a building’s theoretical response 
can be calculated by various methods; these are described later. Researchers 
(2107-2141) have carried out thorough assessments of structures under earth- 
quakes. This chapter includes plate tectonics, earthquake size, earthquake 
frequency and energy, seismic waves, local site effects on the ground motion 
and interior of the Earth 



1.2 Plate Tectonic and Inner Structure of Earth 

The Earth is roughly spherical with an average radius of around 6,400 km. Its 
inner structure was determined from the propagation of earthquake waves. The 
Earth consists of three spherical shells of quite different physical properties. The 
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1 Introduction to Earthquake with Explanatory Data 



outer shell is a thin crust of thickness varying from a few kilometres to a few tens 
of kilometres; the middle shell is the mantle, about 2,900 km thick, and the 
Moho (Mohorovicic) discontinuity is its interface with the crust; the innermost 
shell contains the core, of radius approximately 3,500 km. The crust is made of 
various types of rock, differing in composition and thickness in its oceanic and 
continental parts. The crust in the continental part consists of two layers, 
granitic in the outer and basaltic in the inner layer, with total thickness about 
30-40 km, but reaching 70 km under high mountains, such as in the Qing-Zang 
plateau of west China. The crust under the oceans is basaltic only, with no 
granitic deposit, with a thickness of only about 5 km. The mantel consists 
mainly of comparatively uniform ultrabasic olivine rock; its outer 40-70 km 
shell together with the crust is usually referred to as the lithosphere, directly 
under which is a layer of soft viscoelastic asthenosphere a few hundreds of 
kilometres in thickness. The wave velocity in the asthenosphere is obviously 
lower than those in its neighbouring rocks, perhaps due to its viscoelastic, or 
creep, property under high temperature and confining pressure. The lithosphere 
and asthenosphere together form the upper mantle. Below, the lower mantle 
extends a further 1,900 km or so. The core consists of outer and inner cores. 
Because it is found that no transverse wave can propagate through the outer 
core, it is agreed that the outer core is in a liquid state. 

Temperature increases from crust to core. The temperature is about 600°C at a 
depth of 20 km, 1, 000-1, 500°C at 100 km, 2,000°C at 700 km and 4,000-5,000°C 
in the core. The high temperature comes from the heat release from radioactive 
material inside the Earth. The distributions of the radioactive material under 
ocean or under the continents may be different, and this is considered to be the 
cause of current movement of materials in the mantle. 

Pressure increases also from crust to core, perhaps 89.676 KN/cm 2 in the 
upper mantle, 139.49 KN/cm 2 in the outer core and 36,867 KN/cm 2 in the inner 
core. 

Plate tectonics was developed on the hypothesis of sea-floor spreading dur- 
ing the past few decades. According to this concept, the rigid lithosphere, 
consisting of six major plates, drifts on the rheological asthenosphere, like a 
ship on the ocean, but with a very slow speed. The six plates are the Eurasian, 
Pacific, American, African, Indian and Antarctic. Each plate may then be 
subdivided into smaller plates. The relative movements of the plates are roughly 
a few centimetres per year and has continued for at least 200 million years. The 
theory can be described as follows: (1) Material flows out from the upper mantel 
through the lithosphere at ocean ridges where the crust is thin and pushes the 
lithosphere, whose thickness is a few kilometres, (2) drifting horizontally on the 
asthenosphere, which shows rheological properties under high temperature, 
high pressure and permanent horizontal pushing. When two tectonic plates 
collide, one thrusts under the other and comes back to the lithosphere, which 
forms a deep ocean trench and subduction zone at the junction of two plates and 
volcanoes and mountains on the plate which remains on the Earth’s surface. 
A reference is made to the basics given in Plates 1.1, 1.2 and 1.3. 
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Basics 



Oceanic crust (7-10 km thick) 










Mohorovicic 

discontinuity j qq 

Lithosphere ' 


km 




Asthenosphere 
j (100-350 km) 





Continental crust 
(20-70 km thick) 




Lithosphere 

Asthenosphere 
Upper mantle 
Lower mantle 



Liquid outer core 
Solid inner core 



Structure of the earth crust 



Causes of Earthquakes 



Causes of earthquakes 



|> 


Endogenous ->j 


Natural -> 


Exogenous -> 




-► 


— ► 


!"► 




Blast 


Artificial -> 


Other, i.e -> 


> 


-► 



► Fall of underground structures 
impact with meteorites 

Sudden changes of atmospheric pressure 

influences from other planets 

Sun, Moon, and other solar activities 

► Detonations and explosions for construction 
destructive explosions such as nuclear tests 

► Accidents; activation of fault lines 

► Collapse of mines 

Fall on underground cavities due to 
extraction of water, oil, gas, etc 

► Construction of dams 



Plate 1.1 An earthquake is a transient violent movement of the Earth’s surface that follows a 
release of energy in the Earth’s crust 

The following four facts support this theory: 

- matching of the geology, palaeontology and geometry of the continents; 

- imprinting of historical traces of magnetic fluctuations; 

- characteristics of ocean ridges and trenches; 

- instrumental earthquake evidence. 
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Plate Tectonics 

- Plate tectonics theory is generally considered to be the most reliable 

- Earth’s outer layer- lithosphere- consists of hard tectonic plate 

- They sit on a relatively soft asthenosphere and move as rigid bodies 

- The plates interact with one another 




3. Pacific plate 7. Euro plate 

4. Filopino plate 



Plate 1.2 Plate Tectonics 



The traces of magnetic fluctuations in the ocean plates are all parallel to the 
ocean ridge and can be correlated and dated by radioactive methods and 
explained only by the sea-floor spreading theory. 

Various seismological stations now cover almost the whole world, and about 
1,000 earthquakes of magnitude not smaller than 5.0 are recorded each year. 
Most of these earthquakes are concentrated along plate boundaries. Earth- 
quake-concentrated zones are called earthquake belts. There are two major 
earthquake belts on the Earth (Fig. 1.2). One is the Circum-Pacific belt, which is 
very active, with 75% of earthquakes concentrated on it. The other one is the 
Eurasian or Alpide-Asiatic, with about 22% of earthquakes occurring on it. 
Earthquakes on these two major belts are interplate earthquakes. The remain- 
ing 3% of the earthquakes occur inside the plates and are thus intraplate 
earthquakes. 

Intraplate earthquakes are also caused by plate movements. Because the 
thickness and rigidity of the crust, the Moho discontinuity surface and the 
driving force of the ocean plates are not uniform, the relative displacements 
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Tectonic Plate Positioning 




1. Where two plates move apart from one another causing spreading and rifting, 

tensile stress occurs (Divergent Plate Boundary) 

I 

2. Where two plates converge each other compression occurs together with plate instability 
(Convergent Plate Boundary) 

3. Where two plates shear each other or slide past one another, shear stresses occur 

^ — (Transform Plate Boundary) faults at shallow depth 

4. Where several plates collide, known as continental collisions, mountains occur 

A, (Continental collision) 



5. Where one plate overrides or subducts another, pushing it downwards into the mantel where it melts, 
submarine trench is formed. They are shallow to deep earthquakes. They can be ocean to ocean 
subduction. They can be ocean to continent subduction. 



(Subduction) 

Faults 

Fault- a fracture in the Earth’s crust along which two blocks of the crust can slip relative to 
each other. 

Faults -classified according to the direction of slippage: 

1. Strike-slip fault- if the movement or slippage is primarily horizontal 

- They are essentially vertical fault planes 

- The strike is the direction of the fault line relative to north 

2. Dip- slip fault - if the movement or slippage is vertical 

- The dip of the fault is the angle that the fault makes with the horizontal 
plane 



Plate 1.3 Tectonic Plate Positioning 



and velocities between plates vary both in space and in time. A plate is usually 
under complex stress condition; one part may be under tension, causing depres- 
sion, and the other part under compression, causing mountain uplift, or under 
shear, causing horizontal deformation. 
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Compared with interplate earthquakes, continental earthquakes have the 
following three features: 

a. They are less frequent and less concentrated. 

b. They are more dangerous to humans. 

c. The source mechanism varies and is more complicated. 

Because the continental plate remains on the Earth’s surface and is of 
varying thickness, it is full of faults and folds under long-term tectonic action, 
and earthquakes occur with much more scattering. 

Deformation due to plate tectonics is a very slow but persisting process. In a very 
long time period, deformation accumulates elastic strain in the crust. Crust material 
may be elastic somewhere but rheologic in other places. If the crust is elastic, strain 
energy may be accumulated and it may crack suddenly when the strength of rock is 
overcome and the accumulated energy is transferred into earthquake waves, and an 
earthquake occurs. This is the elastic rebound theory of earthquakes. 

The rigidity and brittleness of rocks are higher in the crust, and the rock 
behaves like an elastic and brittle material. When stress or strain is over the limit 
capacity, the rock breaks and the stress drops suddenly from its maximum a 0 at 
time t 0 instantly to a minimum value (7 min . This value can recover to some other 
value of a in between at time t\. 

1.3 Types of Faults 

Faults may range in length from less than a metre to many hundreds of kilo- 
metres. In the field, geologists commonly find many discontinuities in rock 
structures, which they interpret as faults, and these are drawn on geological 
maps as continuous or broken lines. The presence of such faults indicates that, 
at some time in the past, movements took place along them. One now knows that 
such movement can be either slow slip, which produces no ground shaking, or 
sudden rupture, which results in perceptible vibrations - an earthquake. For 
example, one of the most famous examples of sudden faults rupture is the San 
Andreas Fault in April 1906. However, the observed surface faulting of most 
shallow focus earthquakes is much shorter in length and shows much less offset in 
this case. In fact, in the majority of earthquakes, fault rupture does not reach the 
surface and is thus not directly visible. The faults seen at the surface sometimes 
extend to considerable depths in the outermost shell of the Earth, called the crust. 
This rocky skin, from 5 to 60 km thick, forms the outer part of the lithosphere. 

It must be emphasized that slip no longer occurs at most faults plotted on 
geological maps. The last displacement to occur along a typical fault may have 
taken place tens of thousands or even millions of years ago. The local disruptive 
forces in the Earth nearby may have subsided long ago, and chemical processes 
involving water movement may have cemented the ruptures, particularly at 
shallow depths. Such an inactive fault is now not the site of earthquakes and 
may never be again. 
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The primary interest is of course in active faults, along which crustal displace- 
ments can be expected to occur. Many of these faults are in rather well-defined 
tectonically active regions of the Earth, such as the mid-oceanic ridges and young 
mountain ranges. However, sudden fault displacements can also occur away 
from regions of clear present tectonic activity. 

Whether on land or beneath the oceans, fault displacements can be classified 
into three types. The plane of the fault cuts the horizontal surface of the ground 
along a line whose direction from the north is called the strike of the fault. The 
fault plane itself is usually not vertical but dips at an angle down into the Earth. 
When the rock on that side of the fault hanging over the fracture slips down- 
wards, below the other side, we have a normal fault. The dip of a normal fault 
may vary from 0° to 90°. When, however, the hanging wall of the fault moves 
upwards in relation to the bottom or footwall, the fault is called a reverse fault. 
A special type of reverse fault is a thrust fault in which the dip of the fault is 
small. The faulting in mid-oceanic ridge earthquakes is predominantly normal, 
whereas mountainous zones are the sites of mainly thrust- type earthquakes. 

Both normal and reverse faults produce vertical displacements - seen at the 
surface as fault scarps - called dip-slip faults. By contrast, faulting that causes 
only horizontal displacements along the strike of the fault is called transcurrent 
or strike-slip. It is useful in this type to have a simple term that tells the direction 
of slip. For example, the arrows on the strike-slip fault show a motion that is 
called left-lateral faulting. It is easy to determine if the horizontal faulting is left- 
lateral or right-lateral. Imagine that one is standing on one side of the fault and 
looking across it. If the offset of the other side is from right to left, the faulting is 
left-lateral, whereas if it is from left to right, the faulting is right-lateral. Of 
course, sometimes faulting can be a mixture of dip-slip and strike-slip motion. 

In an earthquake, serious damage can arise not only from the ground 
shaking but also from the fault displacement itself, although this particular 
earthquake hazard is very limited in area. It can usually be avoided by the 
simple expedient of obtaining geological advice on the location of active faults 
before construction is undertaken. These concepts are clearly indicated in the 
world conferences on Earthquake Engineering, mostly held in California 
Institute of Technology, California. 



1.4 Seismograph And Seismicity 

Seismicity is a description of the relationship of time, space, strength and 
frequency of earthquake occurrence within a certain region and its under- 
standing is the foundation of earthquake study. Since there is still no practical 
way to control earthquakes, one can only try to understand and follow their 
nature wisely to prepare for possible strong earthquakes through prediction, 
earthquake engineering and society or governmental efforts of disaster 
reduction. 
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The most popular way to study seismicity is empirically or statistically. 
A seismic belt is defined first to have a similar past earthquake distribution 
and geological and tectonic background, with dimensions somewhat similar to 
the ones already familiar. 

Although earthquake-recording instruments, called seismographs, are now 
more sophisticated, the basic principle employed is the same. A mass on a freely 
movable support can be used to detect both vertical and horizontal shaking of the 
ground. The vertical motion can be recorded by attaching the mass to a spring 
hanging from an anchored instrument frame; the bobbing of the frame (as with a 
kitchen scale) will produce relative motion. When the supporting frame is shaken 
by earthquake waves, the inertia of the mass causes it to lag behind the motion of 
the frame, and this relative motion can be recorded as a wiggly line by pen and ink 
on paper wrapped around a rotating drum (alternatively the motion is recorded 
photographically or electromagnetically on magnetic tape or as discrete digital 
samples for direct computer input). For measurements of the sideways motion of 
the ground, the mass is usually attached to a horizontal pendulum, which swings 
like a door on its hinges. Earthquake records are called seismograms. A seismo- 
graph appears to be no more than a complicated series of wavy lines, but from 
these lines a seismologist can determine the hypocentre location, magnitude and 
source properties of an earthquake. Although experience is essential in interpret- 
ing seismograms, the first step in understanding the lines is to remember the 
following principles. First, earthquake waves consist predominantly of three 
types - P-waves and S-waves, which travel through the Earth, and a third type, 
surface waves, which travel around the Earth. If you look closely enough, you will 
find that almost always each kind of wave is present on a seismogram, particularly 
if it is recorded by a sensitive seismograph at a considerable distance from the 
earthquake source. Each wave type affects the pendulums in a predetermined way. 
Second, the arrival of a seismic wave produces certain telltale changes on the 
seismogram trace: The trace is written more slowly or rapidly than just before; 
there is an increase in amplitude; and the wave rhythm (frequency) changes. Third, 
from past experience with similar patterns, the reader of the seismogram can 
identify the pattern of arrivals of the various phases. 

A common time standard must be used to compare the arrival times of 
seismic waves between earthquake observatories around the world. Tradition- 
ally, seismograms are marked in terms of Universal Time (UT) or Greenwich 
Mean Time (GMT), not local time. The time of occurrence of an earthquake in 
UT can easily be converted to local time, but be sure to make allowance for 
Daylight Saving Time when this is in effect. 



1.5 Seismic Waves 

Human understanding of earthquakes, and of other physical sciences, comes first 
from macroseismic phenomena, but ultimately from instrumental observation. 
It is the instrumental data for seismic waves that provide quantitative 
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understanding of the earthquake source mechanism and of the interior construc- 
tion of the Earth. Although the Earth’s materials show rheological properties 
under static forces from plate tectonic movement, they show elastic properties 
under the dynamic action of seismic waves from earthquakes; the weak viscosity 
under dynamic forces can be considered in terms of energy-absorbing damping 
added to the elastic properties. 

Nowadays, for the great majority of earthquakes, the location is determined 
from the time taken by P seismic waves (and sometimes S-waves) to travel from 
the focus to a seismograph. Many hundreds of modern seismographs are 
operated worldwide continuously and reliably for this and other purposes. In 
some seismic areas, special local networks of seismographic stations have been 
installed to locate the foci of even very small earthquakes. 

Today, almost everyone is familiar with the concept of digital signals rather 
than continuous recordings, the latter provided by the continually varying 
electric currents that drove the old-style pen-and-ink (or even magnetic tape) 
recording seismographs. New technology allows modern seismographs to 
record the continuous ground motions as a finely spaced series of separate 
numbers; such discrete numerical sampling is defined by the binary number or 
“bits”. This form makes the recordings, unlike analog seismograms, immedi- 
ately accessible for computer processing. In the 1970s, seismologists began 
to take full advantage of this emerging digital technology; now it is 
commonplace. 

The first global project of any size to convert globally distributed seismo- 
graphs began in the 1970s. The digital samples had 14 bits. This number 
provided the dynamic range of frequencies that spanned what is called a broad- 
band seismographic system - that is, from periods of a fraction of a second to 
the periods of free vibrations of the Earth (approximately 1 h) - and even out to 
the tidal deformations of the Earth (days). The intensity of shaking is observed 
to vary greatly with the direction around a fault rupture. The physical reason is 
that the seismic source is a moving energy emitter - like the whistle on a moving 
train. The energy increases as the source approaches and decreases as it moves 
away. A simple comparison of seismograms from the 1992 Landers, California, 
earthquake has been plotted. The shaking is represented as ground acceleration, 
velocity and displacement. 



1.6 Magnitude of the Earthquake 

The first known seismic instrument, the Houfeng seismometer, made in the year 
AD 1 32 in the Late Han dynasty by the ancient Chinese scientist Heng Zhang, 
successfully recorded an earthquake in AD 1 38 . The modern type of seismograph 
started in the eighteenth century and includes three subsystems: sensor, amplifier 
and recorder. For the special requirements of the seismologist, the seismograph 
records usually the displacement of the ground motion due to an earthquake. 
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There are usually three sensors, arranged in two perpendicular horizontal 
directions and one vertical direction. The most important property of a seismo- 
graph is the dynamic amplification spectrum. The pass bandwidth of currently 
used seismographs is usually not very wide and with maximum amplification 
not less than a few thousands, mostly at periods not less that 0.7 s; both 
amplitude (Table 1.1) and phase characteristics may be rather different for 
different frequency components. 



Table 1.1 Amplitude-frequency characteristics of Wood- Anderson torsional seismograph 



Period T (s) 


Amplification 


0.1 


2,786 


0.2 


2,745 


0.4 


2,557 


0.6 


2,199 


0.7 


1,972 


0.8 


1,750 


0.9 


1,538 


1.0 


1,350 


1.4 


807 


2.0 


424 



Seismographs are in operation 24 h a day, and records are produced con- 
tinuously on a roll paper. Accuracy of timing is about 0.1 s. 

There are several typical seismographs currently in use. One is for local and weak 
earthquake observation, with natural period around 1 s and amplification around 
10 4 -10 5 . The Wood-Anderson torsional seismograph is also used for near-earth- 
quake observation, with a natural period 0.8 s and near-critical damping (0.8) but 
with an amplification of only 2,800. The long-period seismographs of natural 
period longer than 10 s are for distant and strong earthquake observations. 



1.6.1 Seismic Magnitude 

In 1935, Richter first introduced the idea of magnitude to give a quantitative 
measure of an earthquake through instrumental records. The Wood-Anderson 
torsional seismograph was in common use in southern California. Richter 
discovered that the curves of log A - A for many earthquakes in that region 
were almost parallel to each other and he suggested the following definition of a 
local magnitude: 



M l = logv4(A) — logv4 0 (A) (1.1) 

where A is the average of the maximum displacements (in p) of two horizontal 
components at epicentral distance A = 100 km and A 0 is an empirical 
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correction for the effect of local conditions on attenuation of ground motion. 
As shown in Table 1.1, the amplification at period T = 1.0 s drops to about 
half of that of T = 0.1s; this definition is therefore made for magnitude on the 
basis of short-period ground motion and is adequate for local small 
earthquakes. 

Since seismic stations are not normally so densely allocated as in southern 
California, Gutenberg followed the same idea and defined a surface wave 
magnitude for shallow and distant earthquakes as follows: 

M s = logv4(A) - log^o(A) (1.2) 

At a distance of about 2,000 km, the primary wave is a surface wave of period 
about 20 s; A is defined as the maximum vector of the horizontal displacement 
in p of a 20 s period wave. 

Since M s cannot be used for deep earthquakes, he defined the following body 
wave magnitude: 

m h =\og(A/T) mSiX -Q(A,h) (1.3) 

where ( A/T) max may be the maximum ratio (A / T) of P, PP or S waves, either the 
vertical or horizontal vector displacement in p, and T in seconds is the period 
corresponding to A. But in practice, most seismographs have a natural period of 
1 s and A of the vertical component is used to define the body wave. 

Empirical conversion relations have been suggested between these magni- 
tudes, such as 

M s = 1.59m b - 40 = 1.27(M L - 1.0) - 0.16 (1.4) 

In China, when these definitions are used, the correction term log A () or Q( A, h) 
includes also the instrument correction; the conversion relation used is 

M s = 1 . 1 3 M l — 1.08 (1.5) 



1.7 The World Earthquake Countries and Codes of Practices 

A reference is made to the Author’s book on “Proto type Building Structures” 
(Thomas Telford, London) for many details. Table 1.2 and 1.3 give the list of 
countries with lethal earthquakes with average return periods. The statistics 
recording casualties due to earthquake include a wide range of events such as 
fires, tsunamis generated by offshore events, rockfalls, landslides and other 
hazards triggered by earthquakes. Most large-scale disasters given by Table 
1.4 due to earthquakes result from the collapse of buildings. The number of 
significant earthquakes can also be viewed in Fig. 1.1. 
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Table 1.2 The world’s earthquake countries 



Earthquake 

ranking 


No. of lethal 
earthquakes 
1900-2008 


Average 

return 

period 

(years) 


Earthquake 

ranking 


No. of lethal 
earthquakes 
1900-2008 


Average 

return 

period 

(years) 


1. China 


1958 


0.6 


40. New Zealand 


6 


15 


2. Japan 


201 


1 


41. Uganda 


1 


100 + 


3. Italy 


43 


2 


42. Lebanon 


1 


100 + 


4. Iran 


135 


1 


43. Portugal 


4 


23 


5. Turkey 


135 


1 


44. Puerto Rico 


1 


100 + 


6. CIS (USSR) 


46 


2 


45. Dominican 






7. Peru 


53 


2 


Republic 


1 


100 + 


8. Pakistan 


248 


5 


46. Zaire 


3 


30 


9. Chile 


34 


3 


47. Ethiopia 


3 


30 


10. Indonesia 


148 


2 


48. Solomon Islands 


2 


50 


11. Guatemala 


14 


7 


49. Canada 


3 


30 


12. India 


221 


4 


50. Bangladesh 


5 


18 


13. Nicaragua 


3 


31 


51. Panama 


2 


50 


14. Morocco 


2 


46 


52. France 


2 


50 


15. Nepal 


14 


23 


53. Cyprus 


2 


50 


16. Philippines 


55 


4 


54. South Africa 


6 


15 


17. Mexico 


71 


2 


55. Mongolia 


1 


100 + 


18. Taiwan 


49 


2 


56. Egypt 


13 


30 


19. Ecuador 


26 


4 


57. Ghana 


1 


100 + 


20. Argentina 


22 


8 


58. Tunisia 


1 


100 + 


21. Algeria 


41 


5 


59. Australia 


2 


50 


22. Yemen 


3 


31 


60. Malawi 


1 


100 + 


23. El Salvador 


13 


7 


61. Cuba 


18 


50 


24. Romania 


4 


23 


62. Haiti 


8 


50 


25. Costa Rica 


7 


13 


63. Spain 


15 


23 


26. Yugoslavia 


18 


5 


64. Bolivia 


4 


23 


27. Colombia 


29 


3 


65. Poland 


2 


50 


28. Afghanistan 


41 


8 


66. Tanzania 


2 


50 


29. USA 


32 


3 


67. Honduras 


3 


30 


30. Greece 


51 


2 


68. Czechoslovakia 


1 


100 + 


31. Jamaica 


2 


50 


69. Hungary 


2 


50 


32. Burma 


31 


9 


70. Belgium 


1 


100 + 


33. Venezuela 


16 


6 


71. Iceland 


1 


100 + 


34. Albania 


24 


7 


72. Germany 


1 


100 + 


35. Papua New 






73. Israel 


12 


- 


36. Guinea 


15 


10 


74. Burundi 


1 


- 


37. Bulgaria 


6 


15 


75. Iraq 


6 


- 


38. Jordan 


2 


50 


76. Sudan 


5 


- 


39. Libya 


2 


50 


77. Syria 


5 


- 



Note: Data collected by the author from reports, newspapers and television records by the author. 
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Table 1.3 Major earthquakes: magnitudes and fatalities 



Date 


Focation 


Magnitude (Richter 
scale) 


Fatalities 


26 January 2001 


India 


7.9 


>13,000 


21 September 


Taiwan 


7.6 


2,400 


1999 


17 August 1999 


Western Turkey 


7.4 


17,000 


25 January 1999 


Western Colombia 


6 


1,171 


4 February 1998 


Northeast Afghanistan 


6.1 


5,000 


10 May 1997 


Northern Iran 


7.1 


1,500 


17 January 1995 


Kobe, Japan 


7.2 


>6,000 


30 September 


Fatur, India 


6.0 


>10,000 


1993 


21 June 1990 


Northwest Iran 


13 - 7.7 


50,000 


7 December 1988 


Northwest Armenia 


6.9 


25,000 


19 September 


Central Mexico 


8.1 


>9,500 


1985 


16 September 


Northeast Iran 


7.7 


25,000 


1978 


28 July 1976 


Tangshan, China 


7. 8-8. 2 


755,000 


4 February 1976 


Guatemala 


7.5 


22,778 


26 December 


Erzincan province, Turkey 


7.9 


33,000 


1939 


24 January 1939 


Chilian, Chile 


8.3 


28,000 


1 September 1923 


Tokyo- Yokohama, Japan 


8.3 


200,000 


1 6 December 


Gansu, China 


8.6 


100,000 


1920 


16 August 1906 


Valparaiso, Chile 


8.6 


20,000 


18-19 April 1906 


San Francisco (CA), USA 


7. 7-7. 9 


3,000 and 
fire 


28 December 


Messina, Italy 


7.5 


83,000 


1908 


13 January 1915 


Avezzano, Italy 


7.5 


29,980 


22 May 1927 


Nan-Shan, China 


8.3 


200,000 


26 December 


Gansu, China 


7.6 


70,000 


1932 


31 May 1935 


Quetta, India 


7.5 


60,000 


6 October 1948 


Iran/USSR 


7.3 


100,000 


15 August 1950 


Assam, India 


8.7 


1,530 


29 February 1960 


Agadir, Morocco 


5.7 


12,000 


1 September 1962 


Northwestern Iran 


7.1 


12,000 


26 July 1963 


Skopje, Yugoslavia 


6.0 


1,100 


27 March 1964 


Anchorage (AT), USA 


9.2 


131 


31 August 1968 


Northeastern Iran 


7.4 


11,600 


5 January 1970 


Yunan Province, China 


7.7 


10,000 


31 May 1970 


Chimbote, Peru 


7.8 


67,000 


23 December 


Managua, Nicaragua 


6.2 


5,000 


1972 


6 May 1976 


Friuli, Italy 


6.5 


939 



Note: Data from reports, newspapers and T.V. records by the author. 
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Table 1.3 (continued) 



Date 


Focation 


Magnitude (Richter 
scale) 


Fatalities 


4 March 1977 


Romania 


7.5 


1,541 


10 October 1980 


Northern Algeria 


7.7 


3,000 


23 November 


Southern Italy 


7.2 


4,800 


1980 


13 December 


Northern Yemen 


6.0 


1,600 


1982 


17 October 1989 


San Francisco (CA), USA 


7.1 


62 


16 July 1990 


Fuzon, Philippines 


7.7 


1,660 


29 September 


Maharashtra, India 


6.3 


9,800 


1993 


13-16 October 


Papua New Guinea 


6.8 


>60 


1993 


6 June 1994 


Cauca, Colombia 


6.8 


1,000 


16 January 1995 


Kobe, Japan 


7.2 


5,500 


14 June 1995 


Sakhalin Island, Russia 


7.6 


2,000 


28 February 1997 


Baluchistan Province, 
Pakistan 


7.3 


>100 


7 September 1999 


Athens, Greece 


5.9 


125 


26 December 


Bam, Iran 


6.6 


30,000 


2003 


8 October 2005 


Kashmir, Pakistan 


8.5 


>76,000 


23 January 2005 


Sulawesi, Indonesia 


6.2 


1 


25 January 2005 


Turkey/Iraq Border 


5.9 


2 


2 February 2005 


Jara, Indonesia 


4.8 


1 


5 February 2005 


Celebes Sea 


7.1 


2 


22 February 2005 


Central Iran 


6.4 


612 


9 March 2005 


South Africa 


5.0 


2 


20 March 2005 


Kyushu, Japan 


6.6 


1 


28 March 2005 


Northern Sumatra 


8.7 


1,313 


12 December 


Hindu Kush, Afghanistan 


6.5 


5 


2005 


14 December 


Uttaranchal, India 


5.3 


1 


2005 


1 April 2006 


Taiwan 


6.2 


>42 


4 April 2006 


Pakistan, N.W.F.P 


4.7 


>28 


14 April 2006 


Norwegiansca 


3.3 


- 


20 April 2006 


Koryakia, Russia 


7.6 


40 


25 April 2006 


Tasmania, Australia 


2.2 


4 


29 April 2006 


Koryakia, Russia 


6.6 


- 


30 April 2006 


Atacama, Chile 


6.7 


- 


30 April 2006 


Atacama, Chile 


6.5 


- 


3 May 2006 


Tonga 


7.9 


- 


7 May 2007 


Central Iran 


4.8 


- 


16 May 2006 


Kermadec Islands 


7.4 


- 


16 May 2006 


Nias, Indonesia 


6.8 


- 


22 May 2006 


Koryakia, Russia 


6.6 


- 



Note: Data collected and tabulated from reports, newspapers and T.V. records by the author. 
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Table 1.3 


(continued) 




Date 


Location 


Magnitude (Richter 
scale) 


Latalities 


15 Jan 2010 


Haiti 


7.2 


>100,000 


23 May 2006 


Anglesev 


1.5 


- 


26 May 2006 


Java, Indonesia 


6.3 


5,749 


28 May 2006 


Papua New Guinea 


6.5 


- 


3 June 2006 


Southern Iran 


5.4 


2 


8 June 2006 


Shieldaig 


2.9 


- 


1 1 June 2006 


Kyushhu, Japan 


6.3 


- 


13 June 2006 


Albania 


4.5 


- 


20 June 2006 


Gansu, China 


5.1 


- 


28 June 2006 


Southern Iran 


5.8 


9 


14 May 2008 


China 


7.9 


50,000 



Note: Data Collected from various reports, newspapers and television records by the author. 



Table 1.4 Locations of large-scale earthquakes: types, magnitudes and fatalities 



Date 


Location 


Magnitude 


Latalities 


Comments 


23 January 1556 


Shansi, China 


8 


830,000 


- 


26 December 2004 


Sumatra 


9.1 


283,106 


Deaths from 










earthquake and 
tsunami 


27 July 1976 


Tangshan, China 


7.5 


255,000 


Estimated death 










toll as high as 
655,000 


9 August 1138 


Aleppo, Syria 




230,000 




22 December 856 


Damghan, Iran 




200,000 




22 May 1927 


Tsinghai, China 


7.9 


200,000 


Large fractures 


16 December 1920 


Gansu, China 


7.8 


200,000 


Major fractures, 










landslides 


23 March 893 


Ardabil, Iran 




150,000 




1 September 1923 


Kanto (Kwanto), 


7.9 


143,000 


Great Tokyo fire 




Japan 








5 October 1948 


USSR 


7.3 


110,000 






(Turkmenistan, 

Ashgabat) 








28 December 1908 


Messina, Italy 


7.2 


70,000 - 


Deaths from 








100,000 


earthquake and 








(estimated) 


tsunami 


September 1290 


Chihli, China 




100,000 




8 October 2005 


Pakistan 


7.6 


80,361 




November 1667 


Shemakha, 




80,000 






Caucasia 








18 November 


Tabriz, Iran 




77,000 




1727 

25 December 1932 


Gansu, China 


7.6 


70,000 




1 November 1755 


Lisbon, Portugal 


8.7 


70,000 


Great tsunami 


31 May 1970 


Peru 


7.9 


66,000 


$530,000,000 


Haiti 


— 


7.1 


>100,000 


damage, great 
slide, floods 



Note: Data from various reports by the author. 
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Table 1.4 (continued) 



Date 


Location 


Magnitude 


Fatalities 


Comments 


30 May 1935 

11 January 1693 
1268 


Quetta, Pakistan 

Sicily, Italy 
Silicia, Asia Minor 


7.5 


30.000 - 
60,000 

60.000 
60,000 


Quetta almost 
completely 
destroyed 


20 June 1990 
4 February 1783 


Western Iran 
Calabria, Italy 


7.7 


40.000 - 
50,000 

50.000 


Landslides 


19 April 1902 


Guatemala 14 N 
91 W 


7.5 


2,000 


— 


16 December 1902 
19 April 1903 


Turkestan 40.8 N 
72.6 E 

Turkey 39.1 N 
42.4 E 


6.4 


4,500 

1,700 




28 April 1903 


Turkey 39.1 N 
42.5 E 


6.3 


2,200 


- 


4 April 1905 


Kangra, India 
33.0 N 76.0 E 


7.5 


19,000 


- 


8 September 1905 


Calabria, Italy 
39.4 N 16.4 E 


7.9 


2,500 




31 January 1906 


Colombia-Ecuador 
1 N81.5 W 


8.8 


1,000 




16 March 1906 


Formosa, Kagi 
(Taiwan) 23.6 N 
120.5 E 


7.1 


1,300 




18 April 1906 


San Francisco, 
California 38.0 N 
123.0 W 


7.8 


about 3,000 


Deaths from 
earthquake and 
fire 


17 August 1906 


Valparaiso, Chile 33 
S 72 W 


8.2 


20,000 


- 


14 January 1907 


Kingston, Jamaica 
18.2 N 76.7 W 


6.5 


1,600 


- 


21 October 1907 


Central Asia 38 N 
69 E 


8.1 


12,000 


- 


28 December 1908 


Messina, Italy 38 N 
15.5 E 


7.2 


70,000 - 
100,000 
(estimated) 


Deaths from 
earthquake and 
tsunami 


23 January 1909 


Iran 33.4 N 49.1 E 


7.3 


5,500 


- 


9 August 1912 


Marmara Sea 
40.5 N 27 E 


7.8 


1950 


- 


13 January 1915 


Avezzano, Italy 
42 N 13.5 E 


7.5 


29,980 


- 


21 January 1917 


Bali, Indonesia 8.0 S 
115.4 E 




15,000 


- 


30 July 1917 


China 28.0 N 
104.0 E 


6.5 


1,800 


- 


13 February 1918 


Kwangtung 
(Guangdong), 
China 23.5 N 
117.0 E 


7.3 


10,000 





Note: Data collected and tabulated from reports, newspapers and T.V. records by the author. 
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Table 1.4 (continued) 



Date 


Location 


Magnitude 


Fatalities 


Comments 


16 December 1920 


Gansu, China 
35.8 N 105.7 E 


7.8 


200,000 


Major fractures, 
landslides 


24 March 1923 


China 31.3 N 
100.8 E 


7.3 


5,000 


- 


25 May 1923 


Iran 35.3 N 59.2 E 


5.7 


2,200 


- 


1 September 1923 


Kanto (Kwanto), 
Japan 35.0 N 
139.5 E 


7.9 


143,000 


Great Tokyo fire 


16 March 1925 


Yunnan, China 
25.5 N 100.3 E 


7.1 


5,000 


Talifu almost 
completely 
destroyed 


7 March 1927 


Tango, Japan 
35.8 N 134.8 E 


7.6 


3,020 




22 May 1927 


Tsinghai, China 
36.8 N 102.8 E 


7.9 


200,000 


Large fractures 


1 May 1929 


Iran 38 N 58 E 


7.4 


3,300 


- 


6 May 1930 


Iran 38.0 N 44.5 E 


7.2 


2,500 


- 


23 July 1930 


Italy 41.1 N 15.4 E 


6.5 


1,430 


- 


31 March 1931 


Nicaragua 13.2 N 
85.7 W 


5.6 


2,400 


- 


25 December 1932 


Gansu, China 
39.7 N 97.0 E 


7.6 


70,000 


- 


2 March 1933 


Sanriku, Japan 
39.0 N 143.0 E 


8.4 


2,990 


- 


25 August 1933 


China 32.0 N 
103.7 E 


7.4 


10,000 


- 


15 January 1934 


Bihar-Nepal, India 
26.6 N 86.8 E 


8.1 


10,700 


- 


20 April 1935 


Formosa 24.0 N 
121.0 E 


7.1 


3,280 


- 


30 May 1935 


Quetta, Pakistan 
29.6 N 66.5 E 


7.5 


30,000 - 
60,000 


Quetta almost 
completely 
destroyed 


16 July 1935 


Taiwan 24.4 N 
120.7 E 


6.5 


2,700 


— 


25 January 1939 


Chilian, Chile 36.2 S 
72.2 W 


7.8 


28,000 


- 


26 December 1939 


Erzincan, Turkey 
39.6 N 38 E 


7.8 


30,000 


- 


10 November 
1940 


Romania 45.8 N 
26.8 E 


7.3 


1,000 




26 November 
1942 


Turkey 40.5 N 
34.0 E 


7.6 


4,000 




20 December 1942 


Erbaa, Turkey 
40.9 N 36.5 E 


7.3 


3,000 


Some reports of 
1,000 killed 


10 September 
1943 


Tottori, Japan 
35.6 N 134.2 E 


7.4 


1,190 


— 
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Table 1.4 (continued) 



Date 


Location 


Magnitude 


Fatalities 


Comments 


26 November 
1943 


Turkey 41.0 N 
33.7 E 


7.6 


4,000 


- 


15 January 1944 


San Juan, Argentina 
31.6 S 68.5 W 


7.8 


5,000 


Reports of as 
many as 8,000 
killed 


1 February 1944 


Turkey 41.4 N 
32.7 E 


7.4 


2,800 


Reports of as 
many as 5,000 
killed 


7 December 1944 


Tonankai, Japan 
33.7 N 136.2 E 


8.1 


1,000 


- 


12 January 1945 


Mikawa, Japan 
34.8 N 137.0 E 


7.1 


1,900 


- 


27 November 
1945 


Iran 25.0 N 60.5 E 


8.2 


4,000 


- 


31 May 1946 


Turkey 39.5 N 
41.5 E 


6.0 


1,300 


- 


10 November 
1946 


Ancash, Peru 8.3 S 
77.8 W 


7.3 


1,400 


Landslides, great 
destruction 


20 December 1946 


Tonankai, Japan 
32.5 N 134.5 E 


8.1 


1,330 


- 


28 June 1948 


Fukui, Japan 36.1 N 
136.2 E 


7.3 


5,390 


- 


5 October 1948 


USSR 

(Turkmenistan, 
Ashgabat) 38.0 N 
58.3 E 


7.3 


110,000 




5 August 1949 


Ambato, Ecuador 
1.2 S 78.5 E 


6.8 


6,000 


Large landslides, 
topographical 
changes 


15 August 1950 


India, Assam-Tibet 
28.7 N 96.6 E 


8.6 


1,530 


Great 

topographical 

changes, 

landslides, 

floods 


18 March 1953 


Western Turkey 
40.0 N 27.5 E 


7.3 


1,103 


Yenice destroyed 
and major 
damages at 
Gonen and Can. 
Felt throughout 
the Aegean 
Islands and 
southern 
Greece. 
Microseismic 
area estimated 
at 2,000 square 
miles. Damage 
estimated about 
$3,570,000. 
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Table 1.4 (continued) 



Date 


Focation 


Magnitude 


Fatalities 


Comments 


9 September 1954 


Orleansville, Algeria 
36 N 1.6 E 


6.8 


1,250 


- 


27 June 1957 


USSR (Russia) 
56.3 N 116.5 E 




1,200 


- 


2 July 1957 


Iran 36.2 N 52.7 E 


7.4 


1,200 


- 


13 December 1957 


Iran 34.4 N 47.6 E 


7.3 


1,130 


- 


29 February 1960 


Agadir, Morocco 
30 N 9 W 


5.7 


10,000- 

15,000 


Occurred at 
shallow depth 


22 May 1960 


Chile 39.5 S 74.5 W 


9.5 


4,000 - 5,000 


Tsunami, volcanic 
activity, floods 


1 September 1962 


Qazvin, Iran 35.6 N 
49.9 E 


7.3 


12,230 


— 


26 July 1963 


Skopje, Yugoslavia 
42.1 N 21.4 E 


6.0 


1,100 


Occurred at 
shallow depth 
just undefined 


19 August 1966 


Varto, Turkey, 
39.2 N 41.7 E 


7.1 


2,520 


- 


31 August 1968 


Iran 34.0 N 59.0 E 


7.3 


12,000- 

20,000 


- 


25 July 1969 


Eastern China 
21.6 N 111.9 E 


5.9 


3,000 


- 


4 January 1970 


Yunnan Province, 
China 24.1 N 
102.5 E 


7.5 


10,000 




28 March 1970 


Gediz, Turkey 
39.2 N 29.5 E 


6.9 


1,100 


- 


31 May 1970 


Peru 9.2 S 78.8 W 


7.9 


66,000 


$530,000,000 
damage, great 
rock floods 


22 May 1971 


Turkey 38.83 N 
40.52 E 


6.9 


1,000 


- 


10 April 1972 


Southern Iran 
28.4 N 52.8 E 


7.1 


5,054 


- 


23 December 1972 


Managua, 
Nicaragua 12.4 N 
86.1 W 


6.2 


5,000 




10 May 1974 


China 28.2 N 
104.0 E 


6.8 


20,000 


- 


28 December 1974 


Pakistan 35.0 N 
72.8 E 


6.2 


5,300 


- 


4 February 1975 


China 40.6 N 
122.5 E 


7.0 


10,000 


- 


6 September 1975 


Turkey 38.5 N 
40.7 E 


6.7 


2,300 


- 


4 February 1976 


Guatemala 15.3 N 
89.1 W 


7.5 


23,000 


- 


6 May 1976 


Northeastern Italy 
46.4 N 13.3 E 


6.5 


1,000 


— 
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Table 1.4 (continued) 



Date 


Location 


Magnitude 


Fatalities 


Comments 


25 June 1976 


West Irian (New 
Guinea) 4.6 S 
140.1 E 


7.1 


422 


5,000 - 9,000 
missing and 
presumed dead 


27 July 1976 


Tangshan, China 
39.6 N 118.0 E 


7.5 


255,000 

(official) 


Estimated death 
toll as high as 
650,000 


16 August 1976 


Mindanao, 
Philippines 6.3 N 
124.0 E 


7.9 


8,000 




24 November 
1976 


Northwest 
Iran-USSR 
border 39.1 N 
44.0 E 


7.3 


5,000 


Deaths estimated 


4 March 1977 


Romania 45.8 N 
26.8 E 


7.2 


1,500 


- 


16 September 
1978 


Iran 33.2 N 57.4 E 


7.8 


15,000 


- 


10 October 1980 


El Asnam (formerly 
Orleansville), 
Algeria 36.1 N 
1.4 E 


7.7 


3,500 




23 November 
1980 


Southern Italy 
40.9 N 15.3 E 


7.2 


3,000 


- 


11 June 1981 


Southern Iran 
29.9 N 57.7 E 


6.9 


3,000 


- 


28 July 1981 


Southern Iran 
30.0 N 57.8 E 


7.3 


1,500 


- 


13 December 1982 


Western Arabian 
Peninsula 14.7 N 
44.4 E 


6.0 


2,800 




30 October 1983 


Turkey 40.3 N 
42.2 3 E 


6.9 


1,342 


- 


19 September 


Michoacan, Mexico 


8.0 


9,500 


Estimated death 


1985 


18.2 N 102.5 W 




(official) 


toll as high as 
30,000 


10 October 1986 


El Salvador 13.8 N 
89.2 W 


5.5 


1,000 


- 


6 March 1987 


Colombia-Ecuador 
0.2 N 77.8 W 


7.0 


1,000 


- 


20 August 1988 


Nepal-India border 
region 26.8 N 
86.6 E 


6.8 


1,450 




7 December 1988 


Spitak, Armenia 
41.0 N 44.2 E 


6.8 


25,000 


- 


20 June 1990 


Western Iran 37.0 N 
49.4 E 


7.7 


40,000 - 
50,000 


Landslides 


16 July 1990 


Luzon, Philippine 
Islands 15.7 N 
121.2 E 


7.8 


1,621 


Landslides, 
subsidence and 
sand. 
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Table 1.4 (continued) 



Date 


Location 


Magnitude 


Fatalities 


Comments 


19 October 1991 


Northern India 
30.8 N 78.8 E 


7.0 


2,000 


- 


12 December 1992 


Flores Region, 
Indonesia 8.5 S 
121.9 E 


7.5 


2,500 


Tsunami ran 
inland 300 m, 
water height 
25 m 


29 September 
1993 


Latur-Killari, India 
18.1 N 76.5 E 


6.2 


9,748 


- 


16 January 1995 


Kobe, Japan 34.6 N 
135 E 


6.9 


5,502 


Landslide, 

liquefaction 


27 May 1995 


Sakhalin Island 
52.6 N 142.8 E 


7.5 


1,989 


— 


10 May 1997 


Northern Iran 
33.9 N 59.7 E 


7.5 


1,560 


4,460 injured, 
60,000 homeless 


4 February 1998 


Tajikistan Border 
Region- 
Afghanistan 
37.1 N 70.1 E 


6.1 


2,323 


818 injured, 8,094 
houses 
destroyed 


30 May 1998 


Tajikistan border 
region- 
Afghanistan 
37.1 N 70.1 E 


6.9 


4,000 


At least 4,000 
people killed, 
many thousands 
injured and 
homeless in 
Badakhshan 
and Takhar 
province in 
Afghanistan 


17 July 1998 


Papua New Guinea 
2.96 S 141.9 E 


7.0 


2,183 


Thousands 
injured, about 
9,500 homeless 
and about 500 
missing as a 
result of tsunami 
with maximum 
wave height 
estimated at 
10 m 


25 January 1999 


Colombia 4.46 N 
75.82 W 


6.2 


1,185 


Over 700 missing 
and presumed 
killed. Over 
4,750 injured 
and about 
250,000 
homeless 


17 August 1999 


Turkey 40.7 N 
30.0 E 


7.6 


17,118 


At least 50,000 
injured, 
thousands 
homeless. 
Damage 
estimated at 
3 billion USD 
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Table 1.4 (continued) 



Date 


Location 


Magnitude 


Fatalities 


Comments 


20 September 
1999 


Taiwan 23.7 N 
121.0 E 


7.7 


2,297 


Over 8,700 injured, 
over 600,000 
homeless. 
Damage 
estimated at 
14 million USD 


26 January 2001 


India 23.3 N 70.3 E 


7.7 


20,023 


166,836 injured, 
600,000 
homeless 


25 March 2002 


Hindu Kush 
Region, 
Afghanistan 
35.9 N 3.71 E 


6.1 


1,000 


4,000 injured, 
1,500 houses 
destroyed in the 
Nahrin area. 
Approx. 2,000 
people homeless 


21 May 2003 


Northern Algeria 
36.90 N 3.71 E 


6.8 


2,266 


10,261 injured, 
150,000 

homeless, more 
than 1,243 
buildings 
damaged or 
destroyed 


26 December 2003 


Southeastern Iran 
28.99 N 58.31 E 


6.6 


26,200 


30,000 injured, 
85% of 
buildings 
damaged or 
destroyed and 
infrastru-cture 
damaged in the 
Bam area 


26 December 2004 


Sumatra 3.30 N 
95.87 E 


9.1 


283,106 


Deaths from 
earthquake and 
tsunami 


28 March 2005 


Northern Sumatra, 
Indonesia 2.07 N 
97.01 E 


8.7 


1,313 




8 October 2005 


Pakistan 34.53 N 
73.58 E 


7.6 


80,361 


- 


26 May 2006 


Indonesia -7.961 
110.446 


6.3 


5,749 


At least 5,749 
people were 
killed 



Note: Some sources list an earthquake that killed 300,000 people in Calcutta, India, on 
October. Recent studies indicate that these casualties were most likely due to a cyclone, not 
an earthquake. (Source: The 1737 Calcutta Earthquake and Cyclone Evaluated by Roger 
Bilham, BSSA, October 1994) 

Data collected from reports newspapers and television records by the author over a period of 
times. 
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Number of Significant Earthquakes (M>5 + 0) 
Recorded in each 5* x 5° Area, 1900 - 1 990 

Sttitt*. & Hah GooktyetJ Surety Wort**** Database 

Noie: 

S 6 k 5° cell are not the same area worldwide, bul smaller toward the 
poles. Accural* calculations of aaismldly per unit area should lake 
ihls Into accouni. 



Fig. 1.1 Seismicity of the world (courtesy of Cartographic Data Atlas version 1.02, British 
Geological Survey Worldwide Earthquake Database) 

(Ref. Prototype Building Structures, Thomas Telford, London 1993.) 

1.8 Intensity Scale 

The word “intensity” may be defined qualitatively as “the quality or condition 
of being intense” or quantitatively as “magnitude, as of energy or a force per 
unit of area or time”. The term earthquake intensity was introduced to be a 
physical quantity, but through qualitative or fuzzy definitions. In the earth- 
quake engineering field, some consider it a qualitative rating through the 
intensity scale, but many engineers consider it an equivalent of ground peak 
acceleration intensity. 

There are three properties of earthquake intensity defined by macroseismic 
phenomena: 

1. A composite measure of multiple scales: intensity is defined through the 
levels of human response, structural damage, changes in natural phenom- 
ena and behaviour of objects during or after an earthquake. Each of these 
four responses is a scale, and intensity ratings are specified in each scale. 
When the measurements of each individual scale differ from each other as 



Number of Earthquakes in 5* x 5* Area 
1 1-10 

2 11-50 

3 51-100 

4 101-500 

5 501-1000 

6 1 001-1500 

Major Cities, Population 1990 

Q IS -20m 
O 10- 15m 
O 5- 10m 

o a "5m 
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usually happens, a subjective decision is made, such as in China, by 
individuals who rate the intensity, but the maximum rating is taken in 
Europe. 

2. A ranking and fuzzy measure through macroseismic description: on each 
individual scale, the scaling is not quantitative but qualitative in terms of 
fuzzy ranks, such as a “few”, “some”, “many”, “most”, for the number of 
items considered; “slight”, “moderate”, “heavy”, “serious”, for strength of 
response. These are typical fuzzy set terms, i.e. they are defined through 
qualitative description, and the boundaries between ranks are not clear but 
fuzzy. 

3. Indirectness of defining a cause through the results if intensity means ground 
motion: many building design codes still define intensity as ground motion. It 
is quite clear that ground motion is the cause of its effects on objects. The 
relation between cause and effects must be rough or fuzzy if the objects, as well 
as the cause and effects, are not clearly defined as in the case of an intensity 
scale. 

The term earthquake intensity has been used for more than 170 years before 

the term earthquake magnitude and is still widely used. Its usage includes the 

following three aspects: 

4. As a simple measure of earthquake damage: after a strong earthquake, 
government and society want to know the general level of damage and its 
distribution in order to take emergency action. It is relatively easy to estimate 
after an earthquake and to be understood by ordinary people, just like wind 
intensity. 

5. As a simple macroseismic scale for the strength of earthquake motion 
for the seismologist: historical earthquake data are damage data, which 
have been used to study past seismicity. Without damage data, the 
history of earthquakes would cover only a few decades, too short to 
know the spatial and temporal distribution of earthquakes or their 
seismicity. 

6. As a rough but convenient index to sum up experience to earthquake 
engineering construction and to depict zones of seismic hazard 
(Hu, C1983): many countries use intensity as index for zonation, 
such as Russia, China and several European countries, and many 
countries have previously used it, such as the United States, Canada 
and India. 



1.8.1 Earthquake Intensity Scale 

The macroseismic idea of earthquake intensity was a natural product 170 years 
ago when no instruments were available to measure any physical quantity of 
ground motion and the requirement of earthquake description was also simple, 
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just a scale or a single number or grade to describe its strength or magnitude. 
The earliest record of earthquake intensity may be traced back to 1564 in 
Europe. When discussing the effect of an earthquake, different colours are 
used to show different effects on a map. Up to the nineteenth century, there 
appeared many earthquake intensity scales, mostly used to grade the local 
damage or effect. During the early period, macroseismic phenomena were the 
only means possible to define the indices of the intensity scale. As an example, 
the one commonly used is the abridged Modified Mercalli (MM) intensity scale, 
from which a general and brief idea of intensity may be obtained. A reference is 
made to Tables 1.1, 1.2, 1.3, 1.4, 1.5, 1.6 and 1.7. 

An effective earthquake-resisting design for buildings in an area subject to 
seismic activity depends on the characteristics of earthquakes, namely fre- 
quency content, intensity and duration. The type of construction, soil condi- 
tions and a number of other complex factors concerning dynamic modelling, 
load-structure- soil interactions, etc. are additional areas which need to be 
investigated. 

The genealogy of the intensity scales is described in a step-by-step manner in 
Figs. 1.1 and 1.2. The most well-known intensity scales, Modified Mercalli 
(Richter) and Medvedev-Sponheuer-Karnik (MSK), are fully described in 
Tables 1.3, 1.4 and 1.5. These tables are needed to assess the damage to 
structures such as buildings and their components. A guide to earthquake 
magnitude is given in Tables 1.3, 1.4, 1.5, 1.6 and 1.7. 



1.8.2 Intensity Distribution 

1. 8.2.1 Isoseismal Map 

The intensity contour or isoseismal map is a simple way to show the general 
damage to a strong earthquake on a map. After field investigations an isoseis- 
mal map is drawn in the following two stages: 

1. The original intensity ratings of all sites investigated are indicated on a 
detailed map. 

2. Contour lines of equal intensities are drawn which group sites of the same 
intensity in the same zone. 

For the design of buildings three approaches are specified and are given 
below: 

(a) Seismic coefficient method: Various codes recommend this method. Flex- 
ibility or stiffness methods are employed. Specified shear distribution as 
cubic parabola in various building storeys is recommended. This approach 
is adopted for buildings no more than 40 m high. 

(b) Modal analysis: Modal analysis using average acceleration spectra and a 
multiplying factor is adopted for buildings within the range of 40-90 m height. 
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Table 1.5 Modified Mercalli intensity scale 

I. Not felt except by a very few under exceptionally favourable circumstances. 

II. Felt by persons at rest, on upper floors, or favourably placed. 

III. Felt indoors; hanging objects swing; vibration similar to passing of light trucks; 

duration may be estimated; may not be recognized as an earthquake. 

IV. Hanging objects swing; vibration similar to passing of light trucks; or sensation of a 

jolt similar to a heavy ball striking the walls; standing motor cars rock; windows, 
dishes and doors rattle; glasses clink and crockery clashes; in the upper range of IV 
wooden walls and frames creak. 

V. Felt outdoors; direction may be estimated; sleepers wakened, liquids disturbed, some 

spilled; small unstable objects displaced or upset; doors swing, close or open; 
shutters and pictures move; pendulum clocks stop, start or change rate. 

VI. Felt by all; many frightened and run outdoors; walking unsteady; windows, dishes 

and glassware broken; knick-knacks, books, etc., fall from shelves and pictures 
from walls; furniture moved or overturned; weak plaster and masonry D* cracked; 
small bells ring (church or school); trees and bushes shaken (visibly, or heard to 
rustle). 

VII. Difficult to stand; noticed by drivers of motor cars; hanging objects quiver; furniture 

broken; damage to masonry D, including cracks; weak chimneys broken at roof 
line; fall of plaster, loose bricks, stones, tiles, cornices (also unbraced parapets and 
architectural ornaments); some cracks in masonry C*; waves on ponds; water 
turbid with mud; small slides and caving in along sand or gravel banks; large bells 
ring; concrete irrigation ditches damaged. 

VIII. Steering of motor cars affected; damage to masonry C or partial collapse; some 

damage to masonry B*; none to masonry A*; fall of stucco and some masonry 
walls; twisting and fall of chimneys, factory stacks, monuments, towers and 
elevated tanks; frame houses moved on foundations if not bolted down; loose panel 
walls thrown out; decayed piling broken off; branches broken from trees; changes 
in flow or temperature of springs and wells; cracks in wet ground and on steep 
slopes. 

IX. General panic; masonry D destroyed; masonry C heavily damaged, sometimes with 

complete collapse; masonry B seriously damaged; general damage to foundations; 
frame structures if not bolted shifted off foundations; frames racked; serious 
damage to reservoirs; underground pipes broken; conspicuous cracks in ground; in 
alluviated areas sand and mud ejected, earthquake fountains and sand craters 
appear. 

X. Most masonry and frame structures destroyed with their foundations; some well-built 

wooden structures and bridges destroyed; serious damage to dams, dykes and 
embankments; large landslides; water thrown on banks of canals, rivers, lakes, etc.; 
sand and mud shifted horizontally on beaches and flat land; rails bent slightly. 

XI. Rails bent greatly; underground pipelines completely out of service. 

XII. Damage nearly total; large rock masses displaced; lines of sight and level distorted; 

objects thrown into the air. 

Masonry A: Good workmanship, mortar and design; reinforced, especially laterally, and 
bound together by using steel, concrete, etc., designed to resist lateral forces. 

Masonry B: Good workmanship and mortar; reinforced but not designed in detail to resist 
lateral forces. 

Masonry C: Ordinary workmanship and mortar; no extreme weaknesses like failing to tie in 
at corners, but neither reinforced nor designed against horizontal forces. 

Masonry D: Weak materials, such as adobe; poor mortar; low standards of workmanship; 
weak horizontally. 
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Table 1.6 Seismic intensity scale MSK-81 Medvedev-Sponheuer-Karnik 1981 Revision 

Intensity degree I: Not noticeable 

The intensity of the vibration is below the limit of sensibility; the tremor is detected and 
recorded by seismographs only. 

Intensity degree II: Scarcely noticeable (very slight) 

Vibration is felt only by individual people at rest in houses, especially on upper floors of 
buildings. 

Intensity degree III: Weak 

The earthquake is felt indoors by a few people, outdoors only in favourable circumstances. 
The vibration is weak. Attentive observers notice a slight swinging of hanging objects, 
somewhat more heavily on upper floors. 

Intensity degree IV: Largely observed 

The earthquake is felt indoors by many people, outdoors by a few. Here and there people are 
awakened, but no one is frightened. The vibration is moderate. Windows, doors and dishes 
rattle. Floors and walls creak. Furnitures begin to shake. Hanging objects swing slightly. 
Liquids in open vessels are slightly disturbed. In standing motor cars the shock is noticeable. 

Intensity degree V: Strong 

Effects on people and surroundings: The earthquake is felt indoors by most, outdoors by 
many. Many sleeping people are awakened. A few run outdoors. Animals become uneasy. 
Buildings tremble throughout. Hanging objects swing considerably. Pictures swing out of 
place. Occasionally pendulum clocks stop. Unstable objects may be overturned or shifted. 
Open doors and windows are thrust open and slam back again. Liquids spill in small 
amounts from well-filled open containers. The vibration is strong, resembling sometimes 
the fall of a heavy object in the building. 

Effects on structures: Damage of grade 1 in a few buildings of type A is possible. 

Effects on nature: Sometimes change in flow of springs. 

Intensity degree VI: Slight damage 

Effects on people and surroundings: Felt by most indoors and outdoors. Many people in 
buildings are frightened and run outdoors. A few persons lose their balance. Domestic 
animals run out of their stall. In a few instances dishes and glassware may break. Books fall 
down. Heavy furniture may possibly move and small steeple bells may ring. 

Effects on structures: Damage of grade 1 is sustained in single buildings of type B and in many 
of type A. Damage in few buildings of type A is of grade 2. 

Effects on nature: In a few cases cracks up to widths of 1 cm are possible in wet ground; in 
mountains occasional landslips; changes in flow of springs and in level of well water are 
observed. 

Intensity degree VII: Damage to buildings 

Effects on people and surroundings: Most people are frightened and run outdoors. Many find 
it difficult to stand. Persons driving motor cars notice the vibration. Large bells ring. 

Effects on structures: In many buildings of type C damage of grade 1 is caused; in many 
buildings of type B damage is of grade 2. Many buildings of type A suffer damage of grade 3, 
a few of grade 4. In some instances landslips of roadway on steep slopes occur; local cracks in 
roads and stonewalls. 

Effects on nature: Waves are formed on water, and water is made turbid by mud stirred up. 
Water levels in wells change, and the flow of springs changes. In a few cases dry springs have 
their flow restored and existing springs stop flowing. In isolated instances parts of sandy or 
gravelly banks slip off. 

Intensity degree VIII: Destruction of buildings 

Effects on people and surroundings: General fright; a few people show panic, also persons 
driving motor cars are disturbed. Here and there branches of trees break off. Even heavy 
furniture moves and partly overturns. Hanging lamps are in part damaged. 
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Table 1.6 (continued) 

Effects on structures: Many buildings of type C suffer damage of grade 2 and a few of grade 3. 
Many buildings of type B suffer damage of grade 3 and a few of grade 4. Many buildings of 
type A suffer damage of grade 4 and a few of grade 5. Memorials and monuments move and 
twist. Tombstones overturn. Stone walls collapse. 

Effects on nature: Small landslips on hollows and on banked roads on steep slopes; cracks in 
ground up to widths of several centimetres. New reservoirs come into existence. Sometimes 
dry wells refill and existing wells become dry. In many cases change in flow and level of 
water or wells. 

Intensity degree IX: General damage to buildings 

Effects on people and surroundings: General panic; considerable damage to furniture. 
Animals run to and fro in confusion and cry. 

Effects on structures: Many buildings of type C suffer damage of grade 3 and a few of grade 4. 
Many buildings of type B show damage of grade 4, a few of grade 5. Many buildings of 
type A suffer damage of grade 5. Monuments and columns fall. Reservoirs may show 
heavy damage. In individual cases railway lines are bent and roadways damaged. 

Effects on nature: On flat land overflow of water, sand and mud is often observed. Ground 
cracks to widths of up to 10 cm, in slopes and river banks more than 10 cm; furthermore, a 
large number of slight cracks in ground; falls of rock, many landslides and earth flows; large 
waves on water. 

Intensity degree X: General destruction of buildings 

Effects on structures: Many buildings of type C suffer damage of grade 4, a few of grade 5. 
Many buildings of type B show damage of grade 5, most of type A collapse. Dams, dykes 
and bridges may show severe to critical damage. Railway lines are bent slightly. Road 
pavements and asphalt show wary folds. 

Effects on nature: In ground, cracks up to widths of several decimetres, sometimes up to 1 m. 
Broad fissures occur parallel to water courses. Loose ground slides from steep slopes. 
Considerable landslides are possible from river banks and steep coast. In coastal areas 
displacement of sand and mud; water from canals, lakes, river, etc., thrown on land. New 
lakes occur. 

Intensity degree XI: Catastrophe 

Effects on structures: Destruction of most and collapse of many buildings of type C. Even 
well-built bridges and dams may be destroyed and railway lines largely bent, thrusted or 
bucked; highways become unusable; underground pipes destroyed. 

Effects on nature: Ground fractured considerably by broad cracks and fissures, as well as by 
movement in horizontal and vertical directions; numerous landslides and fall of rocks. The 
intensity of the earthquake requires to be investigated especially. 

Intensity degree XII: Landscape changes 

Effects on structures: Practically all structures above and below ground are heavily damaged 
or destroyed. 

Effects on nature: The surface of the ground is radically changed. Considerable ground 
cracks with extensive vertical and horizontal movement are observed. Fall of rocks 
and slumping of river banks over wide areas; lakes are dammed; waterfalls appear, 
and rivers are deflected. The intensity of the earthquake requires to be investigated 
especially. 

Type of structures (building not antiseismic) 

A Buildings of fieldstone, rural structures, adobe houses, clay houses. 

B Ordinary brick buildings, large block construction, half-timbered structures, structures of 
hewn blocks of stone. 

C Precast concrete skeleton construction, precast large panel construction, well-built 
wooden structures. 
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Table 1.6 (continued) 

Classification of damage to buildings 

Grade 1 : Slight damage: fine cracks in plaster; fall of small pieces of plaster. 

Grade 2: Moderate damage: small cracks in walls; fall of fairly large pieces of plaster; pantiles 
slip off; cracks in chimneys; parts of chimneys fall down. 

Grade 3: Heavy damage: large and deep cracks in walls; fall of chimneys. 

Grade 4: Destruction: gaps in walls; parts of buildings may collapse; separate parts of the 
buildings lose their cohesion; inner walls and filled-in walls of the frame collapse. 
Grade 5: Total damage: total collapse of buildings. 



Table 1.7 A guide to earthquake magnitude 

Magnitudes less than 4.5 

Magnitude 4.5 represents an energy release of about 10 8 kJ and is the equivalent of about 10 1 
of TNT being exploded underground. Below about magnitude 4.5, it is extremely rare for 
an earthquake to cause damage, although it may be quite widely felt. Earthquakes of 
magnitude 3 and magnitude 2 become increasingly difficult for seismographs to detect 
unless they are close to the event. A shallow earthquake of magnitude 4.5 can generally be 
felt for 50-100 km from the epicentre. 

Magnitude 4.5-5.5 - local earthquakes 

Magnitude 5.5 represents an energy release of around 10 9 kJ and is the equivalent of about 
100 t of TNT being exploded underground. Earthquakes of magnitude 5.0-5. 5 may cause 
damage if they are shallow and if they cause significant intensity of ground shaking in areas 
of weaker buildings. Earthquakes up to magnitude of about 5.5 can occur almost anywhere 
in the world - this is the level of energy release that is possible in normal non-tectonic 
geological processes such as weathering and land formation. An earthquake of magnitude 
5.5 may well be felt 100-200 km away. 

Magnitude 6.0-7.0 - large magnitude events 

Magnitude 6 represents an energy release of the order of 10 10 kJ and is the equivalent of 
exploding about 6,000 1 of TNT underground. A magnitude 6.3 is generally taken as being 
about equivalent to an atomic bomb being exploded underground. A magnitude 7.0 
represents an energy release of 10 12 kJ. Large magnitude earthquakes of magnitude 6.0 
and above are much larger energy releases associated with tectonic processes. If they 
occur close to the surface they may cause intensities at their centre of VIII, IX or even X, 
causing very heavy damage or destruction if there are towns or villages close to their 
epicentre. Some of these large magnitude earthquakes, however, are associated with 
tectonic processes at depth and may be relatively harmless to people on the Earth’s 
surface. There are about 200 large magnitude events somewhere in the world each decade. 
A magnitude 7.0 earthquake at shallow depth may be felt at distances 500 km or more 
from its epicentre. 

Magnitudes 7.0-8.9 - great earthquakes 

A magnitude 8 earthquake releases around 10 13 kJ of energy, equivalent to more than 400 
atomic bombs being exploded underground, or almost as much as a hydrogen bomb. The 
largest earthquake yet recorded, magnitude 8.9, released 10 14 kJ of energy. Great 
earthquakes are the massive energy releases caused by long lengths of linear faults rupturing 
in on break. If they occur at shallow depths they cause slightly stronger epicentral intensities 
than large magnitude earthquakes but their great destructive potential is due to the very 
large areas that are affected by strong intensities. 
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1783 

1828 



Historical Evolution of Seismic Intensity Scales 

Domenico Pignatoro grades seismic shocks for Italian earthquakes: 

Egen uses grades of perceived shaking for geolographical mapping of a single event 



“Slight.. .to.. .Violent” 
Scale 1-6 



1 8th— 1 9th Century 

Personal Intensity Scales used by their authors as £ 
e.g. Robert Mallet 1858 and 1862 



shorthand for their own investigations 



1874 

1878 



Michele Stefano De Rossi 



E 



Frangois Forel 



- 10 point scale e.g.. 
10 point scale 



“8: ...Very Strong Shock. Fall of 
chimneys and cracks in buildings... 



Rossi - Forel Intensity Scale (R-F) 

l 



10 point scale e.g.. 



“8: ...Fall of Chimneys, cracks in the 
walls of buildings...” 



Giuseppe Mercalli 



i 10 point scale to describe higher intensities 



1880s to 1915 
1888 

1900 

1904 



levels 4 and 5 of R-F scales combined 
and level 10 divided into two 



“8: ...Partial ruin of some houses 
and frequent and considerable 
cracks in others...” 






Attempts to define Absolute Intensity Scales based on Acceleration 

E.S. Holden First ‘Absolute Scale of Earthquake Intensity’ based on acceleration (irregular values) 
for Californian earthquakes 

Prof. Omori Absolute Intensity Scale for Japan: Seven Grades, based on shaking table studies 
Cancani Acceleration values added to Mercalli Scale, regular exponential values for 1-10, plus two 

additional acceleration values for possible higher levels, 11 and 12 

Plus a number of others, listed in Freeman (1930) 

12 point scales 



Mercalli Cancani Seiberg (MCS) 



1917 

1936 



Two points added by _ 
Cancani and descriptions 
for them added by Seiberg 



“8: ...Even though solidly constructed, houses 
of European architecture generally suffer heavy 
damage by gaping fissures in the walls...” 



MCS Scale adopted by international Seismological Association 

Richter’s Instrumental Measurement of Magnitude supercodes intensity for comparing size of different 
earthquakes. Intensity takes Roman Numerals (I— XII), to distinguish from Magnitude Scale 



Wood and Newmann 
Modified Mercalli (MM) 



_12 point scale _ 



Charles Richter 
Modified Mercalli (MM-1956) 



1930s-1970s 



For use in United States 
and for modern 
building types 

12 point scale 

Masonry used as indicator 
of intensity. 4 grades of 
masonry proposed 



“VIII: ...Damage considerable to ordinary 
substantial building, partial collapse...” 



“VIII: ...Damage or partial collapse to 
Masonry C (Ordinary workmanship and 
mortar) Some damage to masonry B 
(Good workmanship and mortar, reinforced)...” 



3 of the world: 



1964 

1976 

1980 

1990 



Regional Intensity Scales 
Different Scales used in different 
Europe: MCS (1912) 

USA: MM (1931) 

Japan: JMA (Based on 7 point Omori Scale, 1900) 

USSR: Soviet Scale (1931) 12 point scale similar to MCS 

China: Chinese Scale (1956) 12 point scale similar to Soviet Scale and MM 

12 point scale 
To standardise intensity 
assessment internationally 
and provide damage 
functions for vulnerability 
assessment 



Medvedev Sponhuer Karnik (MSK) 



“VIII: ...Structure type B (ordinary brick buildings) 
Many (about 50%) damage degree 3 (heavy 
damage, large and deep cracks in walls) and 
single (about 5%) damage 4 (partial collapse)...” 



MSK ‘International Intensity Scale’ Officially Adopted at UNESCO Intergovernmental Conference on Seismology 

Adopts modifications suggested by Working Groups, 
including reservations about the existence of intensity levels XI and XII 

1 980 (MSK-81 ) Further working group revisions, published as MSK - 1 981 



MSK Revisions 1976(MSK-76) 



Revision procedure began to update MSK 
scale for wider application 



Problems being addressed; inclusion of new building types, revision of 
damage distributions, non-linearity between levels VI and VII. 



Fig. 1.2 The “genealogy” of seismic intensity scales 



The response spectra are given in this section. Direct integration method is 
recommended as a method of solving various differential equations. 

(c) Detailed dynamic analysis: Here the building structure is dynamically ana- 
lysed using actual earthquake accelerogram and time-wise integration of the 
dynamic response for tall buildings of more than 90 m. The response spectra 
can be elastic or inelastic. Finite element and other methods associated with 
static and dynamic condensation techniques are employed to solve for large 
building structures located in seismic zones. 
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A greater detail of such methods is given in Part B of the book, Methods of 
Analysis, and in the Appendix. 

Design for drift and lateral stability is important and should be addressed in 
the early stages of the building design development. The concept of lateral 
stability and its relationship to drift and the P - A effect has been codified. In 
an earthquake area the relative displacement of buildings is measured by an 
overall drift ratio or index. This ratio is either of the following: 

(i) the ratio of the relative displacement of a particular floor to the storey height 

at that level; 

(ii) relative displacement between two adjacent floors. 

The drift index is the drift divided by the storey height. 

Stability analysis sections and the Appendix provide details for drift, lateral 
stability and P — A. The limitations of these are given by various codes. 

Because of the wide scattering of data, judgement is necessary for the second 
stage. The routine compromise is to have one set of isoseismals starting from the 
epicentral area with the highest intensity and decreasing outwards by a decre- 
ment of one grade with fairly smooth contours and some individual contours 
scattered almost randomly. The former is considered to represent the general 
intensity distribution, which reflects attenuation of damage away from the 
epicentre, and the latter as abnormal intensity areas, which reflect the local 
variations of site conditions and other effects. 

If intensity is rated by the highest indication of an intensity scale, the 
isoseismals will be the envelope of intensity scale; as the Chinese do, the 
isoseismals will be some average. 

1.8.3 Abnormal Intensity Region 

Since site conditions over a wide region change quite often, abnormal intensity 
areas are actually quite common and can be found in almost any strong earth- 
quake. In mountainous regions, local topography and soil conditions are 
mainly responsible; in alluvial plains, soft and weak soils are the major cause 
of abnormality. There are areas where abnormal intensities have been reported 
for several historical earthquakes. For example, the Yutian area, about 50 km 
northwest of Tangshan City, was an area of abnormally low intensity in both 
the 1679 Sanhe-Pinggu and the 1976 Tangshan earthquakes. 



1.8.4 Factors Controlling Intensity Distribution 

1. 8.4.1 Source Effect 

The term “earthquake source” is used here for the whole region where strain 
energy is released in the form of earthquake waves during one earthquake. 
Energy density, geometry of the source and its position in space are the 
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controlling factors of intensity distribution. The overall shape of isoseismals is 
controlled by the source. For example, small earthquakes have small sources 
and the isoseismals are usually circular; but very large earthquakes have in 
general extended sources, i.e. with one horizontal dimension much longer than 
the other, and the isoseismals of higher intensities are usually elongated or 
elliptical. For example, the surface faulting of the 1970 Tonghai earthquake 
was about 60 km long and the isoseismals of intensities VII, VIII, IX and X were 
very narrow, with a short-axis/long-axis ratio less than one-third. 



1. 8.4.2 Distance Effect 

The effect of distance is clear and it is the main factor of attenuation. There are 
several definitions of distance and their distinction is important for the near 
field, i.e. the epicentre and the neighbouring areas. The epicentral distance 
depends on the definition of epicentre. The instrumental epicentre is the easiest 
to use with instrumental records, but it has the lowest correlation with intensity 
distribution. The fault distance or the shortest distance to the fault is even better 
when surface faulting can be found. 



1.9 Earthquake Intensity Attenuation 

The relationship of intensity variation with magnitude and distance is usually 
referred to as the attenuation law. 



1.9.1 Epicentral Intensity and Magnitude 

The epicentral intensity 7 0 was used to represent the size of an earthquake before 
the earthquake magnitude was suggested. Although epicentral intensity also 
depends on focal depth h, it can still be used for a certain specified narrow range 
of focal depth, say 10-30 km, which is the rough average of most strong earth- 
quakes. To estimate the magnitude of historical earthquakes, the relation 
between epicentral intensity 7 0 and magnitude M that given by Gutenberg 
and Richter (1956) for the southern California region is useful. 



1.10 Geotechnical Earthquake Engineering 

Geotechnical earthquake engineering can be defined as that subspecialty within 
the field of geotechnical engineering which deals with the design and construction 
of projects in order to resist the effects of earthquakes. Geotechnical earthquake 
engineering requires an understanding of basic geotechnical principles as well as 
geology, seismology and earthquake engineering. In a broad sense, seismology can 
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be defined as the study of earthquakes. This would include the internal beheviour 
of the Earth and the nature of seismic waves generated by the earthquake. 

The first step in geotechnical earthquake engineering is often to determine 
the dynamic loading from the anticipated earthquake (the anticipated earth- 
quake is also known as the design earthquake). For the analysis of earthquakes, 
the types of activities that may need to be performed by the geotechnical 
engineer include the following: 

- Investigating the possibility of liquefaction at the site. Liquefaction can 
cause a complete loss of the soil’s shear strength, which could result in a 
bearing capacity failure, excessive settlement or slope movement. 

- Calculating the settlement of the structure caused by the anticipated 
earthquake. 

- Checking the design parameters for the foundation, such as the bearing capa- 
city and allowable soil bearing pressures, to make sure that the foundation does 
not suffer a bearing capacity failure during the anticipated earthquake. 

- Investigating the stability of slopes for the additional forces imposed during 
the design earthquake. In addition, the lateral deformation of the slope 
during the anticipated earthquake may need to be calculated. 

- Evaluation of the effect of the design earthquake on the stability of 
structures. 

- Analysing other possible earthquake effects, such as surface faulting and 
resonance of the structure. 

- Developing site improvement techniques to mitigate the effects of the 
anticipated earthquake. These include ground stabilization and ground- 
water control. 

- Determining the type of foundation, such as a shallow or deep foundation. 

- Assisting the structural engineer by investigating the effects of ground 
movement due to seismic forces on the structure and by providing design 
parameters or suitable structural systems to accommodate the anticipated 
displacement. 



1.11 Liquefaction 
1.11.1 Introduction 

The final three sections of this chapter deal with secondary effects, which are 
defined as non-tectonic surface processes that are directly related to earthquake 
shaking. Examples of secondary effects are liquefaction, earthquake-induced 
slope failures and landslides, tsunamis and seiches. 

This section deals with liquefaction. The typical subsurface soil condition that 
is susceptible to liquefaction is loose sand, which has been newly deposited or 
placed, with a groundwater table near ground surface. During an earthquake, the 
propagation of shear waves causes the loose sand to contract, resulting in an 
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increase in pore water pressure. Because the seismic shaking occurs so quickly, 
the cohesionless soil is subjected to an undrained loading. The increase in pore 
water pressure causes an upward flow of water to the ground surface, where ti 
emerges in the form of mud spouts or sand boils. The development of high pore 
water pressures due to the ground shaking and the upward flow of water may 
turn the sand into a liquefied condition, which has been termed liquefaction. For 
this state of liquefaction, the effective stress is zero and the individual soil particles 
are released from any confinement, as if the soil particles were floating in water. 

Because liquefaction typically occurs in soil with a high groundwater table, 
its effects are most commonly observed in low-lying areas or adjacent rivers, 
lakes, bays and oceans. 

Structures on top of the loose sand deposit that has liquefied during an 
earthquake can sink or fall over, and buried tanks will float to the surface 
when the loose sand is liquefied. 

After the soil has liquefied, the excess pore water pressure will start to 
dissipate the length of time that the soil will remain in a liquefied state, which 
depends on two main factors: (1) the duration of the seismic shaking from the 
earthquake and (2) the drainage condition of the liquefied soil. The longer and 
the stronger the cyclic shear stress application from earthquake, the longer the 
state of liquefaction persists. Likewise, if the liquefied soil is confined by an 
upper and a lower clay layer, then it will take longer for the excess water 
pressures to dissipate by the flow of water from the liquefied soil. After the 
liquefaction process is complete, the soil will be in a somewhat denser state. 

1.11.2 Types of Damage 

As previously mentioned, there could also be liquefaction-induced ground 
damage, which causes settlement of structures. 

There are two main aspects to the ground surface damage: 

1 . Sand boils'. There could be liquefaction-induced ground loss below the struc- 
tures as the loss of soil through the development of ground surface sand boils. 
Often liquefaction, and sand boils are observed at ground surface. A row of 
sands often develops at the location of cracks or fissures in the ground. 

2. Surface fissures : The liquefied soil could also cause the development of 
ground face fissures which break the overlying soil into blocks that open 
and close during earthquakes. Note that the liquefied soil actually flowed out 
of the fissures. 



1.12 Earthquake-Induced Settlement 

Buildings founded on solid rocks are least likely to experience earth- 
quake-induced differential settlement. However, buildings on soils could 
be subjected to many different types of earthquake-induced settlement; 
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where the earthquake-induced settlement exists the following conditions 
must be satisfied: 

(a) Settlement versus the factor of safety against liquefaction and is acceptable 

(b) Liquefaction-induced ground damage has been successfully evaluated and 
is ok 

(c) Volumetric compression is satisfied 

(d) Settlement due to dynamic loads caused by rocking is within permissible 
limits given in various codes. 



1.13 Bearing Capacity Analyses for Earthquakes 

A bearing capacity failure is defined as a foundation failure that occurs when 
the shear stresses in the soil exceed the shear strength of the soil. For both static 
and seismic cases bearing capacity failures of foundations can be grouped into 
three categories: 

- General shear strength 

- Punching shear strength 

- Local shear strength 



1.14 Slope Stability Analysis for Earthquakes 

It is necessary to have a shaking threshold that is needed to produce earth- 
quake-induced slope movement. The inertia slope stability analysis is prefered 

for those materials that retain their shear strength during the earthquake. 

Examples of these types of soil and rock are as follows: 

(a) Massive crystalline bedrock and sedimentary rock 

(b) Soils that tend to dilate during seismic shaking: examples are very stiff to 
hard clay 

(c) Soils that have a stress-strain curve that does not exhibit a significant 
reduction in shear strength with strains. Earthquake-induced slope move- 
ment in these soils often takes the form of soil slumps or soil block slides 

(d) Clay that has a low sensitivity 

(e) Soils located above the groundwater table. They have negative pore water 
pressure due to capillary action 

(f) Landslides that have a distinct rupture surface. Cases such as shear 
strength along the rupture surface can be equal to the drained residual 
shear strength 

Tables 1.8 and 1.9 give earthquake-induced slope movements in rocks and 

soils with appropriate threshold values. 
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Table 1.8 


Earthquake-induced slope movement 


in rock 




Types of 
slope 

movement 


Subdivisions 


Material type 


Minimum 

slope 

inclination 


Threshold 

values 


Falls 


Rockfalls 


Rocks weakly cemented, intensely 
fractured or weathered; contain 
conspicuous planes of weakness 
dipping out of slope or contain 
boulders in a weak matrix 


40° (1.2:1) 


M l = 4.0 


Slides 


Rock slides 
Rock 


Rocks weakly cemented, intensely 
fractured or weathered; contain 
conspicuous planes of weakness 
dipping out of slope or contain 
boulders in a weak matrix 
avalanches 


35° (1.4:1) 
Rocks 


M l = 4.0 




intensely 

fractured 

and 

exhibiting 
one of the 
following 


properties: significant 
weathering, planes of weakness 
dipping out of slope, weak 
cementation or evidence of 
previous landsliding 


25° (2.1:1) 


M l = 6.0 




Rock 

slumps 


Intensely fractured rocks, 

preexisting rock slump deposits, 
shale and other rocks 
containing layers of weakly 
cemented or intensely 
weathered material 


15° (3.7:1) 


M l = 5.0 


Rock 

block 

slides 


Rocks 

having 


conspicuous bedding planes or 
similar planes of weakness 
dipping out of slopes 


15° (3.7:1) 


M l = 5.0 



Note: Data collected by the author from references to the World Congress on Earthquakes 
held at CALTECH, California, U.S.A. 



1.15 Energy Released in an Earthquake 

The earthquake magnitude is defined in terms of logarithm of the amplitude of 
recorded seismic wave, and energy of a wave is proportional to the square of its 
amplitude. So, there should be no surprise that the magnitude is also related to 
the logarithm of the energy. Several equations have been proposed for this 
relationship in the past. An empirical formula worked out by Gutenberg and 
Richter (1945; Gutenberg, 1956) relates the energy release E to the surface wave 
magnitude M s 

log 10 E = 4.4 + 1.5 M s (1.6) 

where E is in Joules. An alternative version of the energy-magnitude relation, 
suggested by Bath (1966) for magnitudes M s > 5, is 

log 10 E = 5.24 + 1 .44 M s (1.7) 
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Table 1.9 Earthquake-induced slope movement in soil 



Types of Minimum 

slope slope Threshold 

movement Subdivisions Material type inclination values 



Falls 


Soil falls 


Granular soils that are slightly 
cemented or contain clay 
binder 


40° (1.2:1) 


p 

II 


Slides 


Soil 


avalanches 
unsaturated sands 


Foose, 

25° (2.1:1) 


M L = 6.5 




Disrupted 
soil slides 


Foose, unsaturated sands 


15° (3.7:1) 


p 

II 




Soil slumps 


Foose, partly to completely 
saturated sand or silt; 
uncompacted or poorly 
compacted artificial fill 
composed of sand, silt or clay, 
preexisting soil slump 


10° (5.7:1) 


II 

£ 


Soil block 
slides 


Foose, 
partly or 


completely saturated sand or 
silt; uncompacted or slightly 
compacted artificial fill 
composed of sand or silt, 
bluffs containing horizontal 
or subhorizontal layers of 
loose, saturated sand or silt 


5° (H:l) 


IT") 

II 

£ 


Flow 

slides 


Slow earth 
flows 


Stiff, partly to completely 
saturated clay and preexisting 
earth flow deposits 


10° (5.7:1) 


O 

II 




Flow slides 


Saturated, uncompacted or 
slightly compacted artificial 
fill composed of sand or sandy 
silt (including hydraulic) 


2.3° (25:1) 


M L =5.0 

^max 0.10 g 



The logarithmic nature of each formula means that the energy release increases 
very rapidly with magnitude. For example, when the magnitudes of two earthquakes 
differ by 1, their corresponding energies differ by a factor 28 ( = 10 1 ' 44 ) according to 
Bath’s equation or 32 (10 1 5 ) according to the Gutenberg-Richter formula. 

More recently, Kanamori came up with a relationship between seismic 
moment and seismic wave energy: 

Energy = Moment/20, 000 (1 .8) 

For this relation moment is in units of dyne-cm and energy is in units of erg. 



1.16 Earthquake Frequency 

On this globe, the annual frequency of small earthquakes is very large and that of 
large earthquakes is very small (Table 1.10). According to a compilation published 
by Gutenberg and Richter in 1954, the mean annual number of earthquakes in the 
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Table 1.10 Seismic waves 

Seismic waves are classified into two groups: body waves, which travel through the Earth in all 
directions and to all depths, and surface waves, whose propagation is limited to a volume of 
rock within a few sesmic wavelengths of the Earth’s surface. 

1 Body waves 

Two types of body waves exist: compressional waves (P) and shear waves(S). P-waves are 
similar to sound waves. They obey all the physical laws of the science of acoustics. The mass 
particle motion of a P-wave is in the direction of the propagation of the wave. In addition, P- 
waves cause a momentary volume change in the material through which they pass, but no 
concomitant momentary shape change occurs in the material. 

S-waves, or shear waves, as they are commonly called, move in a direction of particle 
motion. Vertically and horizontally polarized S-waves are known as SV-wave and SH-wave, 
respectively. They are sometimes called secondary waves. 

2 Surface waves 

A disturbance at the free surface of a medium propagates away from its source partly as 
seismic surface waves. Surface waves, sometimes known as L- waves, are subdivided into 
Rayleigh ( L R ) and Love waves ( L Q ). These surface waves are distinguished from each other by 
the type of motion of particles on their wave fronts. 

Rayleigh waves 

Lord Rayleigh (1885) described the propagation of Rayleigh wave along the free surface of 
semi-infinite elastic half-space. In the homogeneous half-space, vertical and horizontal 
components of particle motion are 90° out of phase in such a way that as the wave propagates, 
the particle motion describes a retrograde ellipse in the vertical plane, with its major axis 
vertical and minor axis in the direction of wave propagation 




Fig. 1.3 Schematic representation of movement of particle during Rayleigh agation 
(after Lowrie, 1997) 
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Table 1.10 (continued) 

Love waves 

A.E.H. Love (1911) explained the mechanism of generation of Love waves in horizontal 
soil layer overlying the half-space. When the angle of reflection at the base of the soil 
layer is more than the critical angle, SH- waves are trapped in the soil layer. The 
constructive interference of reflected SH-waves from the top and bottom of the soil 
layer generates horizontally travelling Love waves. The particle motion is in horizontal 
plane and transverse to the direction of wave propagation. The velocity of Love wave 
lies between the velocity of S-wave in the soil layer and in the half-space. The velocity of 
Love wave with short wavelength is close to the velocity of S-wave in soil layer and 
velocity of longer wavelength Love wave is close to the S-wave velocity in half-space. 
This dependence of velocity on wavelength is termed dispersion. Love waves are always 
dispersive, because they can only propagate in a velocity-layered medium. 



Surface 




M L r=0.92 p 
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years 1918-1945 with magnitudes 4^4.9 was around 6,000, while there were only 
on average about 100 earthquakes per year with magnitudes 6-6.9. The relation- 
ship between annual frequency (AO and magnitude is shown below: 



Earthquake magnitude 


Number per year 


Annual energy (10 l 5 J l ) 


>8.0 


0-1 


0-600 


7-7.9 


18 


200 


6-6.9 


120 


43 


5-5.9 


800 


12 


T4.9 


6,200 


3 


3-3.9 


49,000 


1 


2-2.9 


^350,000 


0.2 


1-1.9 


^3,000,000 


0.1 



The relationship between annual frequency (AO and magnitude (M s ) is 
logarithmic and is given by an equation of the form 

log N = a — bM s (1.9) 

The value of “a” varies between about 8 and 9 from one region to another, 
while “b” is approximately unity for regional and global seismicity. Most of the 
time “b” is assumed to be equal to 1; “ft” > 1 in an area generally means that 
small earthquakes occur frequently; “ft” < 1 indicates an area that is more prone 
for a larger earthquake. In volcanic areas where there are lots of earthquake 
swarms “ft” > 1. Along subduction zones and continental rifts the value of 
“ft” < 1. The mean annual numbers of earthquakes in different magnitude 
ranges are listed in Table 1.10. 



1.17 Impedance Contrast 

Seismic waves travel faster in hard rocks than in softer rocks and sediments. As 
the seismic waves pass from hard medium to soft medium, their celerity 
decreases, so they must get bigger in amplitude to carry the same amount of 
energy. If the effects of scattering and material damping are neglected, the 
conservation of elastic wave energy requires that the flow of energy (energy 
flux, pV s v 2 ) from depth to the ground service be constant. Therefore, with 
decrease in density (p) and S-wave velocity (V s ) of the medium, as waves 
approach the ground surface, the particle velocity (v) must increase. Thus, 
shaking tends to be stronger at sites with softer soil layers. 

Resonance : Tremendous increase in ground motion amplification occurs when 
there is resonance of signal frequency with the fundamental frequency or higher 
harmonics of the soil layer. Various spectral peaks characterize resonance pat- 
terns. For one-layer one-dimensional structures, this relation is very simple: 
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/o = F s i/4h (fundamental model and / n = (2n + 1)) /o (harmonics) 

where K s i is the S-wave velocity in the surficial soil layer and h is the thickness. 
The amplitudes of these spectral peaks are related mainly to the impedance 
contrast and sediment damping. 

Damping in soil: Absorption of energy occurs due to imperfect elastic proper- 
ties of medium in which the collision between neighbouring particles of the 
medium is not perfectly elastic and a part of the energy in the wave is lost instead 
of being transferred through the medium. This type of attenuation of the 
seismic waves is referred to as anelastic damping. The damping of seismic 
waves is described by a parameter called as quality factor ( Q ). It is defined as 
the fractional loss of energy per cycle, 2n/Q = — AE/E , where Aids the energy 
lost in one cycle and E is the total elastic energy stored in the wave. If we 
consider the damping of a seismic wave as a function of the distance and the 
amplitude of seismic wave, we have 



where a = co/2Q V is the absorption coefficient. This relation implies that higher 
frequencies will be absorbed at a faster rate. 



1.18 Glossary of Earthquake/Seismology 

• Active fault. A fault that is likely to have another earthquake sometime in the 
future. Faults are commonly considered to be active if they have moved one 
or more times in the past. 

• Aftershocks. Earthquakes that follow the largest shock of an earthquake 
sequence. They are smaller than the mainshock and continue over a 
period of weeks, months or years. In general, the larger the mainshock, 
the larger and more numerous the aftershocks, and the longer they will 
continue. 

• Alluvium. Loose gravel, sand, silt or clay deposited by streams. 

• Aseismic. This term describes a fault on which no earthquakes have been 
observed. 

• Attenuation. When you throw a pebble in a pond, it makes waves on the surface 
that move out from the place where the pebble entered the water. The waves are 
largest where they are formed and gradually get smaller as they move away. 
This decrease in size, or amplitude, of the waves is called attenuation. 

• Basement. Harder and usually older igneous and metamorphic rocks that 
underlie the main sedimentary rock sequences (softer and usually younger) 
of a region and extend downwards to the base of the crust. 




( 1 . 10 ) 
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• Bedrock. Relatively hard, solid rock that commonly underlies softer rock, 
sediment or soil; a subset of the basement. 

• Benioff zone. A dipping planar (flat) zone of earthquakes that is produced by 
the interaction of a downgoing oceanic crustal plate with a continental plate. 
These earthquakes can be produced by slip along the subduction thrust fault 
or by slip on faults within the downgoing plate as a result of bending and 
extension as the plate is pulled into the mantle. Also known as the Wadati- 
Benioff zone. 

• Body wave. A seismic wave that moves through the interior of the Earth, 
as opposed to the surface waves that travel near the Earth’s surface. P- and 
S- waves are body waves. 

• Core. The innermost part of the Earth. The outer core extends from 2,500 to 
3,500 miles below the Earth’s surface and is liquid metal. The inner core is the 
central 500 miles and is solid metal. 

• Crust. The outermost major layer of the Earth, ranging from about 10 to 
65 km in thickness worldwide. The uppermost 15-35 km of crust is brittle 
enough to produce earthquakes. 

• Earthquake. This term is used to describe both sudden slip on a fault and the 
resulting ground shaking and radiated seismic energy caused by the slip, or 
by volcanic or magmatic activity, or other sudden stress changes in the 
Earth. 

• Earthquake hazard. Anything associated with an earthquake that may affect 
the normal activities of people. This includes surface faulting, ground shak- 
ing, landslides, liquefaction, tectonic deformation, tsunamis and seiches. 

• Earthquake risk. The probable building damage and number of people that 
are expected to be hurt or killed if a likely earthquake on a particular fault 
occurs. Earthquake risk and earthquake hazard are occasionally used 
interchangeably. 

• Epicentre. The point on the Earth’s surface vertically above the point in the 
crust where seismic rupture begins. 

• Fault. A fracture along which the blocks of crust on either side have moved 
relative to one another parallel to the fracture. Strike-slip faults are vertical 
(or nearly vertical) fractures where the blocks have mostly moved horizon- 
tally. If the block opposite to an observer looking across the fault moves to 
the right, the slip style is termed right-lateral; if the block moves to the left, 
the motion is termed left-lateral. Dip-slip faults are inclined fractures where 
the blocks have mostly shifted vertically. If the rock mass above an inclined 
fault moves down, the fault is termed normal, whereas if the rock above the 
fault moves up, the fault is termed reverse (or thrust). Oblique-slip faults have 
significant components of both slip styles. 

• Foreshocks. Foreshocks are relatively smaller earthquakes that precede the 
largest earthquake in a series, which is termed the mainshock. Not all 
mainshocks have foreshocks. 

• Hypocentre. The point within the Earth where an earthquake rupture starts. 
Also commonly termed the focus. 
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• Intensity. A number (written as a Roman numeral) describing the severity of 
an earthquake in terms of its effects on the Earth’s surface and on humans 
and their structures. There are many intensity values for an earthquake, 
depending on where you are, unlike the magnitude, which is one number for 
each earthquake. 

• Intraplate and crust plate. Intraplate pertains to process within the Earth’s 
crustal plates. Interplate pertains to process between the plates. 

• Isoseismal. A contour or line on a map bounding points of equal intensity for 
a particular earthquake. 

• Left-lateral. If you were to stand on the fault and look along its length, this is 
a type of strike-slip fault where the left block moves towards you and the 
right block moves away. 

• Lithosphere. The outer solid part of the Earth, including the crust and 
uppermost mantle. The lithosphere is about 100 km thick, although its 
thickness is age dependent (older lithosphere is thicker). The lithosphere 
below the crust is brittle enough at some locations to produce earthquakes 
by faulting, such as within a subducted oceanic plate. 

• Love wave. A type of seismic surface wave having a horizontal motion that is 
transverse (or perpendicular) to the direction the wave is travelling. 

• Magnitude. A number that characterizes the relative size of an earthquake. 
Magnitude is based on measurement of the maximum motion recorded by a 
seismograph. Several scales have been defined, but the most commonly used 
are (1) local magnitude (M L ), commonly referred to as “Richter magnitude”, 
(2) surface wave magnitude (M s ), (3) body wave magnitude (M B ) and (4) 
moment magnitude (M w ). 

• Mainshock. The largest earthquake in a sequence, sometimes preceded by 
one or more foreshocks and almost always followed by many aftershocks. 

• Mantle. The part of the Earth’s interior between the metallic outer core and 
the crust. 

• Moho. The boundary between the crust and the mantle in the Earth. The 
boundary is between 25 and 60 km deep beneath the continents and between 
5 and 10 km deep beneath the ocean floor. 

• Oceanic spreading ridge. A fracture zone along the ocean bottom where 
molten mantle material comes to the surface, thus creating new crust. This 
fracture can be seen beneath the ocean as a line of ridges that form as molten 
rock reaches the ocean bottom and solidifies. 

• Oceanic trench. A linear depression of the sea floor caused by the subduction 
of one plate under another. 

• P-wave. A seismic body wave that shakes the ground back and forth in the 
same direction and the opposite direction as the wave is moving. 

• Plate tectonics. A theory supported by a wide range of evidence that 
considers the Earth’s crust and upper mantle to be composed of several 
large, thin, relatively rigid plates that move relative to one another. Slip on 
faults that define the plate boundaries commonly results in earthquakes. 
Several styles of faults bound the plates, including thrust faults along 
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which plate material is subducted or consumed in the mantle, oceanic 
spreading ridges along which new crystal material is produced and trans- 
form faults that accommodate horizontal slip (strike-slip) between adjoin- 
ing plates. 

• Rayleigh wave. A seismic surface wave causing the ground to shake in an 
elliptical motion, with no transverse or perpendicular motion. 

• Recurrence interval. The average time span between large earthquakes at a 
particular site. Also termed return period. 

• Reflection. The energy or wave from an earthquake that has been returned 
(reflected) from a boundary between two different materials within the 
Earth, just as a mirror reflects light. 

• Refraction. The deflection, or bending, of the ray path of a seismic wave 
caused by its passage from one material to another having different elastic 
properties. Bending of a tsunami wave front owing to variations in the water 
depth along a coastline. 

• Right-lateral. If you were to stand on the fault and look along its length, this 
is a type of strike-slip fault where the right block moves towards you and the 
left block moves away. 

• Ring of fire. The zone of earthquakes surrounding the Pacific Ocean which is 
called the Circum-Pacific belt, about 90% of the world’s earthquakes occur 
there. The next most seismic region (5-6% of earthquakes) is the Alpide belt 
(extends from Mediterranean region, eastwards through Turkey, Iran and 
northern India). 

• S-wave. A seismic body wave that shakes the ground back and forth perpen- 
dicular to the direction the wave is moving, also called a shear wave. 

• Sand boil. Sand and water that come out onto the ground surface during an 
earthquake as a result of liquefaction at shallow depth. 

• Seismic gap. A section of a fault that has produced earthquakes in the past 
but is now quiet. For some seismic gaps, no earthquakes have been observed 
historically, but it is believed that the fault segment is capable of producing 
earthquakes on some other basis, such as plate-motion information or strain 
measurements. 

• Seismicity. The geographic and historical distribution of earthquakes. 

• Seismic moment. A measure of the size of an earthquake based on the area of 
fault rupture, the average amount of slip and the force that was required to 
overcome the friction sticking the rocks together that were offset by faulting. 
Seismic moment can also be calculated from the amplitude spectra of seismic 
waves. 

• Seismic zone. An area of seismicity probably sharing a common cause. 
Example: “The Himalayan Zone”. 

• Seismogenic. Capable of generating earthquakes. 

• Seismogram. A record written by a seismograph in response to ground motions 
produced by an earthquake, explosion or other ground motion sources. 

• Seismology. The study of earthquakes and the structure of the Earth by both 
naturally and artificially generated seismic waves. 
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I. 19 Artificial Generation of Earthquake 

Back in the period of cold war, the Soviet Union (now Russia), along with the 
satellite countries, developed a methodology for the creation of underground 
warfare. The basis of this warfare was the artificial generation of earthquakes of 
any magnitude, their intention was to destroy ALASKA by reactivating the live 
or dead fault lines. Depending on the depth of placing nuclear explosives, the 
main concept was to produce various energy waves. The fault lines can easily be 
re-activated. This was treated as the cheapest way to destroy any part of a 
country with sensative establishment. To a large extent this research was a 
success. ALASKA was onetime a part of Soviet Union and was sold to America. 
It was by Soviet Union as a great danger, owing to its close proximity. In case of 
the Third World War, they could easily have destroyed ALASKA without the 
world knowing that who was responsible. 

To create successfully on environment for the artificial generation of earth- 
quake, the following parameters are essentially to be known as indicated from 
the archives: 

1. Site survey and geological maps inclusive of the geometry of fault lines. 

2. Aseismic data and data of aftershock. 

3. Possibilities of sudden slip on a fault line. 

4. Tactonic data and soil samples plates. 

5. Epicentre and Hypocentre data of past earthquakes if any. Site seismology. 

6. The depth of placement to produce required energy and waves from nuclear 
explosives. 

7. Seismic Zones inclusive of faults and their geometry and positioning. 

8. The method of production and direction’s of waves. 

9. Seismograph. 

10. The nature and magnitude and producing waves. 

II. The calculation of wave intensity. 

12. Control of the waves to the extent demanded. 

13. Instrumentations and Equipment related to. 



1.20 Net Result 

This technology has not been effectively tried. However it is a widespread 
believe that one portion of Kashmir, known as AZAD KASHMIR, had been 
experimented upon successfully. One occupied part of Kashmir was turned out 
to be safe while AZAD KASHMIR was totally destroyed. 



Presented by www.pdfbooksfree.pk 



46 



1 Introduction to Earthquake with Explanatory Data 



Bibliography 

Abe, K. Tsunami and mechanism of great earthquakes. Phys. Earth Planet Interiors 1973; 
7:143-153. 

Aki, K. Local site effects on strong ground motion. In Earthquake Engineering and Soil 
Dynamics II - Recent Advances in Ground Motion Evaluation (Von Thun, J. L., ed.), 
Geotechnical Special Publication No. 20, 103-155, American Society of Civil Engineering, 
New York, 1988. 

Aki, K., and Chouet, B. Origin of coda waves: Source, attenuation and scattering effects. 
J. Geophys. Res. 1975; 80: 3322. 

Algermisen, S.T., and Perkins, D.M. A technique for seismic zoning-general consideration 
and parameter. In Proceedings of the International Conference of Microzonation for 
Safer -Construction, Research and Application, Vol. II, pp. 865-878, Seattle, Washington, 
1972. 

Ambraseys, N.N. The correlation of intensity with ground motions. In Advances in Engineer- 
ing Seismology in Europe , Trieste, 1974. 

Barazangi, M., and Dorman, J. World seismicity map compiled from ESS A, coat and 
geodetic survey, epicenter data, 1961-1967. Bull. Seismol. Soc. Am. 1969; 59: 
369-380. 

Bard, P.Y., and Bouchon, M. The seismic response of sediment-filled valleys - Part 1 : The case 
of incident SH waves. Bull. Seismol. Soc. Am. 1980a; 70: 1263-1286. 

Bard, P.Y., and Bouchon, M. The seismic response of sediment-filled valleys - Part 2: The case 
of incident P and SV waves. Bull. Seismol. Soc. Am. 70: 1921-1941, 1980b. 

Bard, P.Y., and Bouchon, M. The two-dimensional resonance of sediment-filled valleys. Bull. 
Seismol. Soc. Am. 1985; 75: 519-541. 

Basu, S. Statistical analysis of seismic data and seismic risk analysis of Indian Peninsula. 
Ph.D. thesis , Department of Civil Engineering, IIT Kanpur, India, 1977. 

Bath, M. Earthquake energy and magnitude. Phys. Chem. Earth. Ahren, L.H. Press, 1966; 
115-165. 

Bolt, B.A., and Abrahamson, N.A. New attenuation relations for peak and expected accel- 
erations of ground motion. Bull. Seismol. Soc. Am. 1982; 72, 2307-2321. 

Boore, D.M., Joyner, W.B., and Fumal, T.E. Equations for estimating horizontal response 
spectra and peak acceleration for western north American earthquakes: A summary of 
recent works. Seismol. Res. Lett. 1997; 68(1), 128-140. 

Bullen, E., and Bolt, B.A. An Introduction to the Theory of Seismology , Cambridge University 
Press, Cambridge, 1985. 

Burridge, R., and Knopoff, L. Body force equivalents for seismic dislocation. Bull. Seismol. 
Soc. Am. 54: 1875-1888, 1964. 

Campbell, K.W. Empirical near-source attenuation relationships for horizontal and vertical 
components of peak ground acceleration, Peak Ground Velocity, and Pseudo-absolute 
Acceleration Response Spectra. Seismol. Res. Lett. 1997; 68(1), 154-179. 

Celebi, M. Topographical and geological amplifications determined from strong-motion and 
aftershock records of the 3 March 1985 Chile earthquake. Bull. Seismol. Soc. Am. 1987; 77: 
1147-1167. 

Conrad, V., Laufzeitkurven Des Tauernbebens, vom 28: 59: 1-23, Mitt. Erdb. -Komm. Wien, 
1925. 

Cornell, C.A. Engineering seismic risk analysis. Bull. Seismol. Soc. Am. 1968; 58, 1583-1606. 

DeMets, C. et al. Curr. Plate Motions 1990; 101, 425-478. 

Esteva, L. Bases Para la Formulacion de Decisiones de Diseno Sismico. Technical Report , 
INstitute de Ingenieria, UNAM, Mexico, 1968. 

Esteva, L., and Villaverde, R. Seismic risk design spectra and structural reliability. 
In Proceedings of the Fifth World Conference on Earthquake Engineering , Rome, 
pp. 2586-2596, 1974. 



Presented by www.pdfbooksfree.pk 



Bibliography 



47 



Faccioli, E., Seismic Amplification in the presence of geological and topographic irre- 
gularities. Proceedings of the 2nd International Conference on Recent Advances in 
Geotechnical Earthquake Engineering and Soil Dynamics , St. Louis, Missouri, 1991; 
2: 1779-1797. 

Geli, L., Bard, P.Y., and Jullien, B. The effect of topography on earthquake ground motion: A 
review and new results. Bull. Seismol. Soc. Am. 1988; 78: 42-63. 

Gutenberg, B. The Energy of Earthquakes 1945; 112: 1-14. 

Gutenberg, B. Magnitude determination for deep focus earthquakes. Bull. Seismol. Soc. Am. 
1956; 35: 117-130. 

Gutenberg, B., and Richter, C.F., Seismicity of Earth and Related Phenomenon , Princeton 
University Press, Princeton, NJ, 1945. 

Hanks, T.C., and Kanamori, H. A moment magnitude scale. J. Geophys. Res. 1979; 84(B5), 
2348-2350. 

Hatayama, K., Matsunami, K. Iwata, T., and Irikura, K. Basin-induced love wave in the 
eastern part of the Osaka basin. J. Phys. Earth 1995; 43, 131-155. 

Housner, G.W. Calculating the response of an oscillator to arbitrary ground motion. Bull. 
Seismol. Soc. Am. 31: 143-149, 1941. 

Housner, G.W. Measures of severity of earthquake ground shaking. In Proceedings of the US 
National Conference on Earthquake Engineering , Earthquake Engineering Institute, Ann 
Arbor, Michigan, pp. 25-33, 1975. 

Hutton, L.K., and Boore, D.M. The M scale in Southern California. Bull. Seismol. Soc. Am. 
77: 6: 2074-2094, 1987. 

IS: 1893. Indian Standard Criteria for Earthquake Resistant Design of Structures, Part 1, 
Bureau of Indian Standards, New Delhi, 2002. 

Jibson, R. Summary on research on the effects of topographic amplification of earthquake 
shaking on slope stability. Open-File-Report-87-268, USGS, California, 1987. 

Joyner, W.B., and Boore, D.M. Peak horizontal acceleration and velocity from strong-motion 
records including records from the 1979 Imperial Valley, California Earthquake. Bull. 
Seismol. Soc. Am. 71: 2011-2038, 1981. 

Kanamori, H. Mechanisms of tsunami earthquake. Phys. Planet Interiors 1972; 6, 246-259. 

Kanamori, H. The energy release in great earthquakes. Tectonophysics 1977; 93, 185-199. 

Kawase, H. The cause of damage belt in Kobe: ‘The basin-edge effect’, constructive inter- 
ference of the direct S-waves with the basin induced diffracted/ Rayleigh waves. Seismol. 
Res. Lett. 1996; 67, 25-34. 

Kawase, H., and Aki, K. Topography effect at the critical SV wave incidence: Possible 
explanation of damage pattern by the Whitter narrow. Earthquake of 1 October 1987. 
Bull. Seismol. Soc. Am. 1990; 80: 1-22, California. 

Kennet, B.L.N., and Engdahl, E.R. Trabel ties for global earthquake location and phase 
identification. Int. J. Geophys. 1991; 105, 429-465. 

Khan, P.K. Recent seismicity trend in India and adjoining regions. ISET, New Lett., October 
2003-July 2004, 10-14, 2004. 

Kim, W.Y. The M scale in Eastern North America. Bull. Seismol. Soc. Am. 1998; 88, 
935-951. 

Langston, C.A. Brazier, R., Nyblade, A. A., and Owens, T.J. Local magnitude scale and 
seismicity rate for Tanzania, East Africa. Bull. Seismol. Soc. Am. 1998; 88, 712-721. 

Levret, A., Loup, C., and Goula, X. The Provence Earthquake of June 11, 1909 (France): 
New assessment of near field effects. Proceedings of the 8th European Conference of 
Earthquake Engineering, Lisbon, 2, p. 4.2.79, 1986. 

Love, A.E.H. Some Problems of Aerodynamics, Cambridge University Press, Cambridge, 
1911. 

Lowrie, W., Fundamentals of Geophysics, Cambridge University Press, Cambridge, 1997. 

MacMurdo, J. Papers relating to the earthquake which occurred in India in 18 19. Philos. Mag. 
1824; 63, 105-177. 



Presented by www.pdfbooksfree.pk 



48 



1 Introduction to Earthquake with Explanatory Data 



Maruyama, T. On the force equivalents of dynamic elastic dislocations with reference to the 
earthquake mechanism. Bulletin of Earthquake Research Institute , Tokyo University 1963; 
41, 467-486. 

McGuire, R.K. Seismic design spectra and mapping procedures using hazard analysis based 
directly on oscillator response. Earthquake Eng. Struct. Dyn. 1977; 5, 211-234. 

Moczo, P., and Bard, P.Y. Wave diffraction, amplification and differential motion near 
strong lateral discontinuities. Bull. Seismol. Soc. Am. 83: 85-106, 1993. 

Mohorovicic, A. Das Beben Vom 8 x 1909. Jb. Met. Obs. Zagreb 1909; 9, 1-63. 

Mohraz, B. A study of earthquake response spectra for different geologic condition. Bull. 
Seismol. Soc. Am. 66: 915-932, 1976. 

Murphy, J.R., and O’Brien, L.J. The correlation of peak ground acceleration amplitude 
with seismic intensity and other physical parameters. Bull. Seismol. Soc. Am. 1977; 67, 
877-915. 

Mussett, A.E., and Khan, M.A., Looking into the Earth: An Introduction to Geological 
Geophysics. Cambridge University Press, Cambridge, 2000. 

Narayan, J.P, Sharma, M.L., and Ashwani K. A Seismological Report on the January 26, 
2001 Bhuj, India Earthquake. Seismol. Res. Lett. 2002; 73, 343-355. 

Narayan, J.P. 2.5D Simulation of basin-edge effects on the ground motion characteristics. 
Proc. Indian Acad. Sci. ( Science of the Earth Planet ), 2003a; 112: 463^-69. 

Narayan, J.P. 3D Simulation of basin-edge effects on the ground motion characteristics. 
13WCEE, August 1-6, Paper No. 3333, Vancouver, Canada, 2004. 

Narayan, J.P. Simulation of ridge weathering effects on the ground motion characteristics. 
J. Earthquake Eng. 2003b; 7: 447^161. 

Narayan, J.P. Study of basin-edge effects on the ground motion characteristics using 2.5-D 
modelling. Pure Appl. Geophys. 2005; 162, 273-289. 

Narayan, J.P., and Prasad Rao, P.V. Two and half dimensional simulation of ridge effects on 
the ground motion characteristics. Pure Appl. Geophys. 2003; 160, 1557-1571. 

Narayan, J.P., and Rai, D.C. An observational study of local site effects in the Chamoli earth- 
quake. Proceedings of Workshop on Recent Earthquakes of Chamoli and Bhuj , 273-279, 2001. 

Narayan, M.P. Site specific strong ground motion prediction using 2.5-D modelling. Geophys. 
J.Int. 2001; 146, 269-281. 

NEHRP. Recommended Provisions for Seismic Regulation for New Buildings and Other 
Structures. Technical Report , Building Safety Council for Federal Emergency Manage- 
ment, Washington D.C., 1997. 

Newmark, N.M. and Rosenblueth, E., Fundamentals of Earthquake Engineering. Prentice 
Hall, Inc., Englewood Cliffs, NJ, 1971. 

Newmark, N.M., and Hall, W.J. Earthquake spectra and design. Technical Report , Earth- 
quake Engineering Research Institute, Berkeley, California, 1982. 

Newmark, N.M., Blume, J.A., and Kapur, K.K. Seismic design spectra for nuclear power 
plants. J. Power Division, ASCE 1973; 99(02), 873-889. 

Oldham, R.D. A catalogue of Indian earthquakes from the earliest times to the end of A.D. 
1869. Memoir X, Geological Survey of India, 1883. 

Oldham, R.D. The constitution of the interior of the earth, as revealed by earthquakes. Quar. 
J. Geo. Soc. London 1906; 62, 456-75. 

Pederson, H., Hatzfield, D., Campillo, M., and Bard, P.Y. Ground motion amplitude across 
ridges. Bull. Seismol. Soc. Am. 84: 1786-1800, 1994. 

Pitarka, A. Irikura, K., Iwata, T., and Sekiguchi, H. Three-dimensional Simulation of the 
near fault ground motion for 1995. Hyogo-ken Nanbu (Kobe), Japan earthquake, Bull. 
Seismol. Soc. Am. 88: 428-440, 1998. 

Plesinger, A., Zmeskal, M., and Zednik, J. Automated Pre-processing of Digital Seismograms: 
Principles and Software. Version 2.2, E. Bergman (Ed.), Prague and Golden, 1996. 

Rayleigh, L. On-wave propagated along the plane surface of an elastic solid. Proc. London 
Math. Soc. 1885; 17,4-11. 



Presented by www.pdfbooksfree.pk 



Bibliography 



49 



Reid, H.F. The elastic rebound theory of earthquakes. Bull. Dept. Geol6: 413-444, University 
of Berkeley, 1911. 

Reid, H.F., The California Earthquake of April 18, 1906, Publication 87, 21 Carnegie Institute 
of Washington, D.C., 1910. 

Richter, C.F. An instrumental earthquake magnitude scale. Bull. Seismol. Soc. Am. 25: 1-32, 
1935. 

Richter, C.F., Elementary Seismology. W.H. Freeman and Co., San Francisco, CA, 1958. 

Sanchez-Sesma, F.J. Elementary solutions for the response of a wedge-shaped medium to 
incident SH and SV waves. Bull. Seismol. Soc. Am. 80: 737-742, 1990. 

Satake, K., Tsunamis, International Handbook of Earthquake and Engineering Seismology- 
Part B, Lee et al. (Eds.), 437-451, 2002. 

Seed, H.B., and Idriss, I.M. Ground motions and soil liquefaction during earthquakes. 
Technical Report, Earthquake Engineering Research Institute, Berkeley, California, 1982. 

Seed, H.B., Ugas, C., and Lysmer, J. Site dependent spectra for earthquake-resistant design. 
Bull. Seismol. Soc. Am. 66: 221-243, 1976. 

Siro, L. Southern Italy November 23, 1980 Earthquake. Proceedings of the 7th European 
Conference on Earthquake Engineering, Athens, Greece, 1982. 

Slemmons, D.B. Determination of design earthquake magnitudes for Microzonation. in 
Proceedings of 3rd International Earthquake Microzonation Conference, pp. 119-130, 1982. 

Tocher, D. Earthquake energy and ground breakage. Bull. Seismol. Soc. Am. 1958; 48(2): 
147-153. 

Trifunac, M.D., and Brady, A.G. A study of the duration of strong earthquake ground 
motion. Bull. Seismol. Soc. Am. 65: 581-626, 1975. 

Trifunac, M.D., and Brady, A.G. On the correlation of seismic intensity with peaks of 
recorded strong motion. Bull. Seismol. Soc. Am. 65: 139-162, 1975. 

Wells, D.L., and Coppersmith, K.J. New empirical relationships among magnitude, rupture 
length, rupture width, rupture area and surface displacement. Bull. Seismol. Soc. Am. 
1994; 84(4): 974-1002. 

Wood, H.O. Distribution of apparent intensity in San Francisco, in the California Earth- 
quake of April 18, 1906. Report of the State Earthquake Investigation Commission, 1: 
220-245, Carnegie Institute of Washington, Washington, D.C., 1908. 



Presented by www.pdfbooksfree.pk 




Presented by www.pdfbooksfree.pk 



Chapter 2 

Existing Codes on Earthquake Design 
with and Without Seismic Devices and 
Tabulated Data 



2.1 Existing Codes on Earthquake Design 

Some well-known codes are discussed in brief and they are classified under 
items such as seismic actions, dynamic characteristics, seismic weights, forces, 
moments, storey drift (P - A effect), seismic factors, site characteristics and 
building categories. These are only briefs and for detailed codified design, a 
reference is made to individual codes where detailed applications are available 
from the references given at the end of this chapter. 

2.1(a) Existing Codes-Comparative Study 

They are briefly mentioned below as given by the different countries: 

2.1.1 Algeria: RPA (1989) 

Seismic actions/dynamic characteristics 

Load combination 



G + Q + E or 0.8G + £ or G + g + 1.2£ (2.1) 



G = dead load 
Q = live load 
E = seismic load 
N = number of storeys 
h = height of the building 
T = 0.1 TVs (building frames with shear walls) 

T = (other buildings) 

Ve 



M.Y.H. Bangash, Earthquake Resistant Buildings , 51 

DOI 10. 1007/978-3-540-9381 8-7_2, © M.Y.H. Bangash 2011 

Presented by www.pdfbooksfree.pk 



52 



2 Existing Codes on Earthquake Design 



Table 2.1 Seismic factors A/BC Seismic coefficient 





I 


II 


III 


1 


0.12 


0.25 


0.35 


2 


0.08 


0.15 


0.25 


3 


0.05 


0.10 


0.15 



Seismic weights, forces and moments 

F k = equivalent lateral force = ^ (2.2) 

2 /= i Wjhi 

V = ADBQW (2.3) 

Where 

A = seismic coefficient = 0.05—0.25 
W = seismic weight 

6 

Quality factor Q = 1 + ^ Pq B = 0.20-0.5 

l 

F t = 0 

r < 0.7 s = 0.01TV < 0.25 V for T> 0.7 s 
.F t = additional force at the building top 

Storey drift/F-A effect 

A/ = X/ - Xi - 1 with Z 0 = 0 (2.6) 

A 7 — lateral displacement at b 
A 0.0075 x storey height 

Pf = performance factor = 0.2—0.67 (2.7) 

Building category (BC) 

Category 1 (500 year return) 

Category 2 (100 year return) 

Category 3 (50 year return) 



(2.4) 

(2.5) 



Table 2.2 Site characteristics/building 
categories 



Zone 


Seismicity zone 


0 


Negligible 


I 


Low 


II 


Average 


III 


High 



Presented by www.pdfbooksfree.pk 



2.1 Existing Codes on Earthquake Design 



53 



2.1.2 Argentina : INPRES-CIRSOC 103 (1991) 



Seismic actions/dynamic characteristics 

Horizontal seismic spectra 



S a = a s + (b - a s ) — 

1 1 

S a = b 



S a = b 



1 2/3 



for T < Ti 

for T[ < T < T 2 > 

for T>T 2 



Sa — a s -j- (fpj) 
Sa =/A b 




1 + ifA-l)^ 




for T <T\ 

for T\ < T < T 2 > 

for T >T 2 



£ = damping 5% 

T = fundamental period 
/a = amplification factor due to £ 



= for 0.5% < £ < 5% 



£ = relative damping = percentage of critical damping 



To = 2n 



gZUFiUi 



W t = gravity load at level i 
g = acceleration 
u t = displacement at i 
F t = normal horizontal force 



For regular building level height equals 







/ 



l'V n it n 

gFn 



Alternative empirical formula is 



hn /30~ 2 

100 \ L ' \ + 300 



( 2 . 8 ) 



(2.9) 



( 2 . 10 ) 



(2.11) 



( 2 . 12 ) 



(2.13) 
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Tq i = fundamental period 
h n = height of the building 
L = length of the building 
d = density of the wall 

Torsional effects 

M u = torsional moment at level i = (l.5e\ + 0.10 L)Vi (2. 14) 



or 



Mu = (e\ — 0.10L)K/ 



(2.15) 



C\ = distance between CS at level i and the line of action of the shear force 
measured perpendicular to the analysed direction 
L = maximum dimension in plan measured perpendicular to the direction 
of Vi 

Seismic weights, forces and moments 



p Wiht 

1 EUrnt 



(2.16) 



Wi = seismic weight at level i = + f]Lj 

Yj = 0 — 1.0 

hi = height of the storey level i above the base level 
n = number of levels in the building 
Gi and r]Lj = dead and live loads respectively 

Vertical seismic actions 



SaV =/v^a 



(2.17) 



fv 


Seismic zone 


0.6 


4 


0.6 


3 


0.5 


2 


0.4 


1 


0.4 


0 



Load states 



1.3fw i ^s ^w 



actions due to gravitational loads 



0.85£w d: E$ 



E s = seismic actions 
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Building separation due to hammering 

Yj = separation between adjacent structures = d, + /s^/ 
Y t > fohi + 1 cm 
E/ > 2.5 cm 

/s = factor depending on foundation soil = 0.001—0.0025 
/o = different soils in seismic zones = 0.003—0.010 

n 

Vi = storey shear force = ^ 7^ 

fc=i 

n 

Mi = overturning moment = a ^ 7^(/z£ — h*) 

fc=/+i 

where 

h* k: h* = heights at level k and i from the foundation level 
i = 0, 1,2, 3, ..., n — 1 

n 

V 0 = base shear force = CW = IV, 

i— 1 

r _^aU 

R 

r , f , r WihiVo 

Ft = lateral force = — — — 

£*=i 

Fy = vertical seismic forces = ±Cyy d W 
Storey drift/P— A effect 
Lateral displacements 5 and storey drift A 

A, = Si - S f . — i with d 0 = 0 

Alternatively 

g T 2 F, 

1 4n 2 Wi 

S = horizontal displacements at levels i 



(2.18) 

(2.19) 

( 2 . 20 ) 

( 2 . 21 ) 

( 2 . 22 ) 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

(2.27) 

(2.28) 
(2.29) 
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Limiting values for storey drift 
Non-structural elements attached are damaged 

Group A 0 Group A Group B 

0.01 0.011 0.014 

Non-structural elements attached are not damaged 

0.01 0.015 0.019 

P — A effect 

Pi = > 0.08 (2.30) 

y iPL i 

Pi = total seismic weight at level i 
Vj = shear force at storey i 
Hj = storey height i 

x/y = amplification factor for forces and displacements 

1 

1 /^max 

/'max is the p imax value. 

Reduction factor R 

A factor for the dissipation of the energy by inelastic deformation: 

R- l + (At-l)L for T<T X (2.31) 

J- 1 

R = H for T <T\ (2.32) 

/i varies from 6 to 1 . 



Table 2.3 Seismic factors y d defines the risk factor: 



Group 


7d 


Ao 


1.4 


A 


1.3 


B 


1.0 



Table 2.4 Site characteristics/building categories 
Seismic zones 



Zone 


Seismicity 


0 


Negligible 


I 


Low 


II 


Average 


III 


High 
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Table 2.5 Seismic zone 



Zone 


Risk 


0 


Very low 


1 


Low 


2 


Moderate 


3 


High 


4 


Very high 



Table 2.6 Building classifications 


Group 


Classification 




Ao 


Important centres 




A 


Hotels, stadia, etc. 




B 


Private, commercial, industrial buildings 




C 


Containers, silos, sheds, stables 



Zone 


a s 


b 


Ti 


T 2 


4 


0.35 


1.05 


0.2— 0.4 


0.35-1.0 


3 


0.25 


0.75 


0.2— 0.4 


0.35-0.1 


2 


0.16-0.18 


0.48-0.54 


0.2-0. 4 


© 

7 

© 


1 


0.08-0.10 


0.24-0.30 


0. 2-0.4 


0.6— 1.2 


0 


0.04 


0.12 


0.10 


1.2— 1.6 



Table 2.7 Vertical 
seismic coefficient (C v ) 



Zone 


Balcony and cantilevers 


Roof and large spans 


4 


1.20 


0.65 


3 


0.86 


0.47 


2 


0.52 


0.28 


1 


0.24 


0.13 



Building category (BC) 

Category 1 (500 year return) 

Category 2 (100 year return) 

Category 3 (50 year return) 

2.1.3 Australia: AS1 1704 (1993) 

Seismic actions/dynamic characteristics 

Bearing walls and frames where k d = deflection amplification factor 
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Bearing walls 
Building frame 
Moment-resisting frame 

Dual system with a special moment-resisting frame 
Dual system with intermediate moment frame 
(steel or concrete) 

Torsional effects 

e&\ = A\e$ + 0.05Z? 
e&i = ^ 2 ^s — 0.05Z? 

A s = dynamic eccentricity factors 
<?s = eccentricity 
A, = 2.6 ~^> 1.4 = 2.6 
A 2 = 0.5 

b = maximum dimension at level i 

Seismic weights, forces and moments 

V = total horizontal force (kN) = ZIKCSW 

I = occupancy importance factor 
= 1.2 essential facilities 
= 1.0 other buildings 
W — total dead load + 0.25 live load 

ICS 

V = seismic base shear = ——Gg 

R{ 

n 

Vi = horizontal shear force = ffF x 

x=i 

n 

Mq = overturning moment = a Ffi 

i=i 

i = levels number 
a = 0.75 general 
a = 1.0 at base 
a = 0.5 at top 

Base shear distribution 



1.25-4.0 

1.50-4.0 

2.0- 5. 5 

4.0— 6.5 

4.5— 5.0 



F x = C Vx V 

GjZ k 

K e;'=i G gi ■ h ) 



(2.33) 



(2.34) 

(2.35) 
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x = i levels 
k = 1 T< 0.5 s 
Gg = gravity load = G + \jjQ 
G = dead load (kN) 

Q = live load (kN) 

Storey drift \P — A effect 

b x = interstorey drift = k&b xe 
b xe = lateral displacement at levels i 



= a t 



t \ 2 gFt ( 2 



1 \ 2n J G g i \ 2n 



P — A 

To allow for P — A effect, the storey drift is increased by 



0.9 



(1 — m) 



> 1.0 



When m< 0.1 there is no effect 



m = stability coefficient = 



Px Ar 



Vxhsxk d 
= total vertical design load 



Seismic factors 



C = seismic response factor = — < 0.12 

15VT~ 



a = acceleration coefficient = 0.05—0.11 

c= L25fl 



T2/3 

T = ^ (main direction) 

T = ^ (orthogonal direction) 
58 



if, = 0.4— 0.6 

Rf = response modification factor = 1.5— 8.0 



(2.36) 

(2.37) 

(2.38) 

(2.39) 

(2.40) 

(2.41) 

(2.42) 

(2.43) 



Presented by www.pdfbooksfree.pk 



60 



2 Existing Codes on Earthquake Design 



k = horizontal force factor 
= 0.75 (ductile) 

= 3.2 (brittle) 

Z = zone factor 



= 0 


for zone A ductile 


= 0.09 


for zone A non-ductile 


= 0.18 


for zone 1 


= 0.36 


for zone 2 



Site characteristics/building categories 

S = soil structure resonance factor = 1.5 if not calculated 
Building classification 

Type I Domestic and not more than two storeys 

Type II Buildings with high occupancy (schools, theatres, etc.) 

Type III Buildings for essential functions (power stations, tall structures, 
hospitals, etc.) 



Table 2.8 Seismic design categories 



a s 


III 


II 


I 


Domestic 


as 2 0.20 


E 


D 


C 


H 3 


0.10 < a s < 0.20 


D 


C 


B 


h 2 


fl£<0.10 


C 


B 


A 


Hi 



C = static analysis 
D = static and dynamic analysis 
E = static and dynamic analysis 
S = site factor varies from 0.67 to 2.0 



2.1.4 China: TJ 11-78 and GBJ 11-89 

Seismic actions/dynamic characteristics 

S = total effect of horizontal seismic action 



N 




(2.44) 



T\ = fundamental period 

Sj = modal effect caused by seismic forces of the yth mode 
N = number of modes 
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<5 n values 



Tg T\ >\A1 g T\ < \ATg 

< 0.25 0.0873 + 0.07 no need to consider 

0.3 - 0.4 0.0877+0.01 
> 0.55 0.0877 -0.02 



concrete building (2.45) 



Horizontal seismic action 



F X ji — uf'hjWi Fyji — +•+/ Yji W i 

Fiji = a-fitjfajiWi 



(2.46) 



(2.47) 



{ pji = angular rotation at ith floor yth mode 
t = directions in x, y and angular direction 
Vi = mass radius of gyration 
oij = seismic coefficient 
i = 1,2, ..., n 
j= 1,2, ..., m 

Torsional effects 

Modelling with degrees of freedom including two orthogonal horizontal dis- 
placements and one angular rotation for each level. The complete quadratic 
combination (CQC) can be used to obtain the response u ST (force, moment and 
displacement) given by 



n n 




(2.48) 



Sj, St = effects caused by seismic forces 

0.02(1 +2t)(2t) 1- ^ 



J (1 — 2 j ) 2 + 0.01 (1 + 



(2.49) 



where Aj = ratio of the periods of the £th and yth modes. 



Seismic weights, forces and moments 



Base shear force: 



n 




(2.50) 



i= 1 



Fj = horizontal seismic forces at i level 




(2.51) 
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Fig. 2.1 Seismic actions at 
various levels 



w n0 

w i(> 







Hi 




A F n = additional seismic force applied to the top level of the building. 



= EK 



H = height from the base 



Mj = overturning moment = 

j=i + 1 



Fevk = vertical seismic action force = ay W ( 



eq 



At ith level (see Fig. 2.1) 

„ _ WjHj r 

^\i sr^n tt t tj F EVK 

Ej= 1 WjHj 

Storey drift//*— A effect 

The elastic relative displacement is 

At/e < [0 e ]H 

where 6 Q = elastic drift limitation. 

Elasto-plastic deformation 



At/ P = f] p AU e 



(2.52) 



(2.53) 

(2.54) 



(2.55) 



(2.56) 



(2.57) 



Table 2.9 Values of 0 e 



Structure frame 


9 , 


Brick infill walls 


1/550 


Others 


1/450 


Public buildings 


1/800 


Frame shear walls 


1/650 
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Table 2.10 The value of 6 V 



6 V Structure 

1 /30 Single-storey RC frame 

1 /50 Frame with infill 

1 /70 Frame in the first storey of a brick building 



or 



At/p = flAUy = 



t/pAt/y 



(2.58) 



AUy = storey yield displacement 
AU e = elastically calculated storey displacement 
rj p = amplification coefficient 

u p < [Op] H (2.59) 

Seismic factors 

a = seismic coefficient 



a = ^max(5.5ri + 0.45) for T\ < 0.1s (2.60) 



a = a max for 0.1 < T\ < 0.1 7g 
/ Tg \ 09 

a=( — ) a max for 7g< 7i < 3s (2.61) 



= additional seismic action coefficient 
y t j = the mode participation factor of the yth mode 
pj k = coupling coefficient for yth and £th modes 
p = storey ductility coefficient 






storey yield strength coefficient 



Fy. 

Qc 



(2.62) 



Table 2.11 a max values for various 
intensities 



Intensity 


^max 






VI 


VII 


VIII 


IX 


0.04 


0.08 


0.16 


0.32 
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Table 2.12 Values of Epicentre at 
different sites 



Epicentre 


Site 










I 


II 


III 


IV 


Near 


0.2 


0.3 


0.4 


0.65 


Remote 


0.25 


0.40 


0.55 


0.85 



Table 2.13 The values of £ y Structure 





0.5 


0.4 


0.3 


0.2 


2—4 storeys 


1.3 


1.4 


1.6 


2.1 


5-7 storeys 


1.5 


1.65 


1.8 


2.4 


8—12 storeys 


1.8 


2.0 


2.2 


2.8 


Single storey 


1.3 


1.6 


2.0 


2.6 



Fy = 2Qy\ + {m- 2) x g y2 
m = total number of columns in a storey 
QyiQyi — average yield strength of exterior and interior columns, 
respectively 

Site characteristics/building categories 

Building classifications 

Type A Structures not failing beyond repair. Important structures. 

Type B Buildings and structures in the main city. 

Type C Structures not included in A, B, D. 

Type D Structures of less importance not likely to cause deaths, injuries or 
economic losses. 

Tg = characteristic period of vibration 

2.1.5 Europe : 1-1 (Oct 94); 1-2 (Oct 94); 1-3 (Feb 95); Part 2 
(Dec 94); Part 5 ( Oct 94); Eurocode 8 

Note: From these parts minimum items are given. For details see the entire 
codes and parts. 

Seismic actions/dynamic characteristics 

Horizontal seismic action: two orthogonal components with the same response 
spectrum. 

Vertical seismic action: 

T< 0.15 s the vertical ordinates = 0.15 x horizontal 
T> 0.15 s the vertical ordinates = 0.5 x horizontal 

T between 0.15 and 0.5 s - linear interpolation. 
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S e (T) = elastic response spectrum 0 < T < T B (2.63) 



S g (T) = a g ■ S 



1+ — (^o-l) 



t b <t<e 



Sq(T) = a g S^Bo T c <T<T d 



S e (T) = a g S^B 0 
Sq(T) = a g S£Bo 



T c 



lK x 



t d = t 

lK 2 



[7c] 


Ki 


[Tbl 


|t d J 




T 



(2.64) 

(2.65) 

( 2 . 66 ) 

(2.67) 



At A = a g • S 
At B = a g ■ S ■ £B 0 

where 

Sq(T) ordinate of the elastic response spectrum, 

T vibration period of a linear single-degree-of-freedom system, 

a g design ground acceleration for the reference return period, 

7b, Tq limits of the constant spectral acceleration branch, 
r D value defining the beginning of the constant displacement range of 
the spectrum, 

S soil parameter 

rj damping correction factor with reference value rj= 1 for 5 % viscous 

damping, 

B 0 = spectral acceleration amplification factor for 5% viscous damping, 
K\,K 2 = exponents that influence the shape of the spectrum for vibration at 
7b and Tq (see Fig. 2.2). 

For the three subsoil classes A, B and C the values of the parameters B 0 , 
7b, 7c, 7b, S are given in Table 2.14 reproduced from the code. 



Fig. 2.2 Response spectrum 



S e (T) 
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Table 2.14 Values of the parameters describing the elastic response spectrum 



Sub-soil class 


S 


Po 


k\ 


k 2 


T b[s] 


7c [s] 


7b[s] 


A 


[1.0] 


[2,5] 


[1,0] 


[2,0] 


[0,10] 


[0,40] 


[3,0] 


B 


[1.0] 


[2,5] 


[1.0] 


[2,0] 


[0,15] 


[0,60] 


[3,0] 


C 


[0,9] 


[2,5] 


[1.0] 


[2,0] 


[0,20] 


[0,80] 


[3,0] 



These values are selected so that the ordinates of the elastic response spectrum 
have a uniform probability of exceedance over all periods (uniform risk spec- 
trum) equal to 50%. 



Design spectrum 

Here, a g is replaced by a and S Q ( T) by Ad ( T) 

e = - (2.68) 

q 

Ki and K 2 are replaced by K&\ and K& 2 , respectively 

T c = T d > 0.2a (2.69) 

Combinations of seismic actions 

J2gkj +5> s e JB (2.70) 

^2 \ j/ Ei = combination coefficients for variable actions i = 0.5— 1.0 
G and Q are characteristic values of actions 
V hi = Hi i 0 = 0.5- 1.0 
Design seismic coefficient = 0.2 

Seismic weights, forces and moments 

M ut = e Xj Fi (2.71) 

eu = accidental torsional eccentricity 

Li = floor dimensions perpendicular to seismic action 

seismic base shear = F h = V = S C {T\)W (2.72) 

W= W t = total weight 

T\ < 47c (fundamental period) 
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S W 

Fi = Fh Y^ J (2J3) 

when horizontal displacement is increasing linearly. 

F ‘ = Fh Y^w, (2 ' 74) 

Si, Sj = displacement of masses Mj and Mj in the fundamental mode shape 

For sites with ground conditions not matching the three subsoil classes A, B, 
C special studies for the definition of the seismic action may be required. 

The value of the damping correction factor rj can be determined by the 
expression 

7 = V7/(2 + £)>0,7 (2.75) 

where £ is the value of the viscous damping ratio of the structure, expressed in 
percent. If for special studies a viscous damping ratio different from 5% is to be 
used, this value will be given in the relevant parts of Eurocode 8. 

Peak ground displacement 

1. Unless special studies based on the available information indicate otherwise 
the value U = d g of the peak ground displacement may be estimated by means 
of the following expression: 

U = d g = [0, 05] • a g • S • 7c • 7b (2.76) 

with the values of a g , S , 7c, 7b defined as 

Wi, Wj = corresponding weights 

Z/, Zj = heights of masses Mi and Mj , respectively 

ds = displacement induced by design seismic action 

= q<id e yi 

qa = displacement behaviour factor 

d Q = displacement from the linear analysis 
F d = horizontal force on non-structural element 
W a = weight of the element 
q d = B = behaviour factor 

= 1.0— 2.0 = q 

Storey drift/P— A effect 

P — A effect is not considered if the following is satisfied: 

(f) = fot ' f <0.10 (2.77) 

ntot ’ "i 
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d r = A in other literature 
h = interstorey height 

P t ot = total gravity load at and above the storey 
V to t = total seismic storey shear 

For buildings with non-structural elements 

ir- < 0.004/; 

Rd 

When structural deformation is restricted 



< 0.006/; 
Rd~ 



where 0.1 <9 < 0.2 increases the seismic action effects by 



1 

(T^e) 



*■0.3 



Seismic factors 

I=y l = 0.8— 1.5 
B 0 = 5% viscous damping 
£ = damping acceleration factor >0.7 
S = soil parameter = 1.0 for 5% damping 
q = B = behaviour factor 



S a = seismic coefficient = 



" x 3 ( 1 + I) 





T a for non-structural elements 
T for structural elements 
z = height of the non-structural element 

Rd = v 

Site characteristics/building categories 

Subsoil Class A 



(2.78) 



(2.79) 



(2.80) 



(2.81) 



(2.82) 



Vs = 100 m/s 5m 
= 400 m/s 10m 
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Table 2.15 /C values 


Class 


Vn 


K d2 


K i 


K 2 


A 


2/3 


5/3 


1 


2 


B 


2/3 


5/3 


1 


2 


C 


2/3 


5/3 


1 


2 



Table 


2.16 S u B 0 


» 7b, 7c 


, T d and values 


Si 


B 0 


T B 


T c 


Zd 


1.0 


2.5 


0.10 


0.40 


3.0 


1.0 


2.5 


0.15 


0.60 


3.0 


0.9 


2.5 


0.20 


0.80 


3.0 



Subsoil Class B 

Vs = 200 m/s 10 m 
= 350 m/s 50m 

Subsoil Class C 

Vs = 200 m/s 20 m 
Ground acceleration a g > 0.10 g 

d g = peak ground displacement = 0.5<2 g S • 7c 7b (2.83) 

Building categories versus Tfo 







I 


2.5 


II 


2.5 


III 


2.0 


IV 


2.0 


L5.1 


Symbols 



In addition to the symbols listed in Part 1-1, the following symbols are used in 
Part 1-2 with the following meanings: 

E e effect of the seismic action; 

E Bdx , design values of the action effects due to the horizontal components 
of the seismic; 

£ec i y action; 

E Edz design value of the action effects due to the vertical component of the 
seismic action; 

F horizontal seismic force; 
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F a horizontal seismic force acting on a non-structural element (appendage); 

H building height; 

R d design resistance; 

Ti fundamental vibration period of a building; 

r a fundamental vibration period of a non-structural element 

(appendage); 

W weight; 

W a weight of a non-structural element (appendage); 
d displacement; 

d r design interstorey drift; 

Ci accidental eccentricity of a storey mass from its nominal location; 
h interstorey height; 

m mass; 

q a behaviour factor of a non-structural element; 

q d displacement behaviour factor; 

s displacement of a mass m in the fundamental mode shape of a 

building; 

z height of the mass m above the level of application of the seismic action; 

y a important factor of a non-structural element; 

6 interstorey drift sensitivity coefficient. 



2. 1.5.2 Characteristics of Earthquake-Resistant Buildings 

Basic Principles of Conceptual Design 

(1) P The aspect of seismic hazard shall be taken into consideration in the early 
stages of the conceptual design of the building. 

(2) The guiding principles governing this conceptual design against seismic 
hazard are 

- structural simplicity, 

- uniformity and symmetry, 

- redundancy, 

- bidirectional resistance and stiffness, 

- torsional resistance and stiffness, 

- diaphragmatic action at storey level, 

- adequate foundation. 

(3) Commentaries to these principles are given in Annex B. 



Structural Regularity 
General 

(1) P For the purpose of seismic design, building structures are distinguished as 
regular and non-regular. 
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(2) This distinction has implications on the following aspects of the seismic 
design: 

- method of analysis such as power spectrum, non-linear time history and 
frequency domain 

- the value of the behaviour factor 

- geometric non-linearity exceeding the limit by the Eurocode 8 

- Non-regular distribution of overstrength in elevation exceeding the limit 
by Eurocode 8 

- Criteria describing regularity in plan and in elevation 
Safety Verifications 



(1) P For the safety verifications the relevant limit states and specific mea- 
sures (see Clause 2.2.4 of Part 1-1) shall be considered. 

(2) For building of importance categories II-IV (see Table 3.3) the verifications 
prescribed in Sects. 4.2 and 4.3 may be considered satisfied if the following 
two conditions are met: 

(a) The total base shear due to the seismic design combination (see Clause 
4.4 of Part 1-1), calculated with a behaviour factor q = [1,0], is less than 
that due to the other relevant action combinations for which the build- 
ing is designed on the basis of a linear elastic analysis. 

(b) The specific measures described in Clause 2.2.4 of Part 1-1 of the code 
are taken, with the exception that the provisions contained in Clause 
2.2.4. 1 (2)-(3) of Part 1-1 need not be demonstrated as having been met. 

Ultimate Limit State 



(1) P The safety against collapse (ultimate limit state) under the seismic design 
situation is considered to be ensured if the following conditions regarding 
resistance, ductility, equilibrium, foundation stability and seismic joints are met. 

Resistance Condition 

(1) P The following relation shall be satisfied for all structural elements - 
including connections - and the relevant non-structural elements: 



General 



General 



Ed < Ed 



(2.84) 



where 
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is the design value of the action effect due to the seismic design situation (see 
Clause 4.4 of Part 1-1), including - if necessary - second-order effects, and 



is the corresponding design resistance of the element, calculated according 
to the rules specific to the pertinent material (characteristic value of prop- 
erty / k and partial safety factor y M ) and according to the mechanical models 
which relate to the specific type of structural system. 

(2) Second-order effects (P — A effects) need not be considered when the fol- 
lowing condition is fulfilled in all storeys: 



6 interstorey drift sensitivity coefficient, 

Ptot t°t a l gravity load at and above the storey considered, in accordance 
with the assumptions made for the computation of the seismic 
action effects, 

d r design interstorey drift, evaluated as the difference of the average 
lateral displacements at the top and bottom of the storey under 
consideration, 

V tot total seismic storey shear, 

h interstorey height. 

(3) In cases when 0.1 <0 < 0.2, the second-order effects can approximately be 
taken into account by increasing the relevant seismic action effects by a 
factor equal to 1/(1 — 6). 

(4) P The value of the coefficient 6 shall not exceed 0.3. 

Ductility Condition 

(1) P It shall be verified that both the structural elements and the structure as 
a whole possess adequate ductility taking into account the expected 
exploration of ductility, which depends on the selected system and the 
behaviour factor. 

(2) P Specific material-related requirements as defined in Part 1-3 shall be 
satisfied, including - when indicated - capacity design provisions in order to 
obtain the hierarchy of resistance of the various structural components 
necessary for ensuring the intended configuration of plastic hinges and for 
avoiding brittle failure modes. 

(3) P Capacity design rules are presented in detail in Part 1-3. 



Rd — R{fk/y m} 



(2.85) 




( 2 . 86 ) 



where 
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Equilibrium Condition 

(1) P The building structure shall be stable under the set of actions given by 
the combination rules of Clause 4.4 of Part 1-1. Herein are included such 
effects as overturning and sliding. 

(2) P In special cases the equilibrium may be verified by means of energy 
balance methods or by geometrically non-linear methods with the seismic 
action defined as described in Clause 4.3.2 of Part 1-1 of the code. 

Resistance of Horizontal Diaphragms 

(1) P Diaphragms and bracings in horizontal planes shall be able to transmit 
with sufficient overstrength the effects of the design seismic action to the 
various lateral load resisting systems to which they are connected. 

(2) Paragraph (1) is considered satisfied if for the relevant resistance verifications 
the forces obtained from the analysis are multiplied by a factor equal to 1.3. 

Resistance of Foundations 

(1) P The foundation system shall be verified according to Clause 5.4 of Part 5 
and to Eurocode 7. 

(2) P The action effects for the foundations shall be derived on the basis of 
capacity design considerations accounting for the development of possible 
overstrength, but they need not exceed the action effects corresponding to 
the response of the structure under the seismic design situation inherent to 
the assumption of an elastic behaviour ( q = 1.0). 

(3) If the action effects for the foundation have been determined using a 
behaviour factor q < [1, 5], no capacity design considerations according 
to (2) P are required. 

Seismic Joint Condition 

(1) P Building shall be protected for collisions with adjacent structures 
induced be earthquakes. 

(2) Paragraph (1) is deemed to be satisfied if the distance from the boundary 
line to the potential points of impact is not less than the maximum hor- 
izontal displacement. 

(3) If the floor elevations of a building under design are the same as those of 
the adjacent building, the above referred distance may be reduced by a 
factor of [0,7]. 

(4) Alternatively, this separation distance is not required if appropriate shear 
walls are provided on the perimeter of the building to act as collision walls 
(“bumpers”). At least two such walls must be placed at each side subject to 
pounding and must extend over the total height of the building. They must 
be perpendicular to the side subject to collisions and they can end on the 
boundary line. Then the separation distance for the rest of the building can 
be reduced to [4,0] cm. 
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Serviceability Limit State 

General 

(1) P The requirement for limiting damage (serviceability limit state) is con- 
sidered satisfied if - under a seismic action having a larger probability of 
occurrence than the design seismic action - the interstorey drifts are limited 
according to 4.3.2 of the code. 

(2) Additional verifications for the serviceability limit state may be required in 
the case of buildings important for civil protection or containing sensitive 
equipment. 



Limitation of Interstorey Drift 

(1) P Unless otherwise specified in Part 1-3, the following limits shall be 

observed: 

(a) for buildings having non- structural elements of brittle materials 
attached to the structure 

d r /v< [0,004] - A (2.87) 

(b) for buildings having non- structural elements fixed in a way so as not to 
interfere with structural deformations 

d r /v < [0,006] -h (2.88) 

where 

d r design interstorey drift as defined in 4. 2. 2. (2) of the code, 
h storey height, 

v reduction factor to take into account the lower return period of 
the seismic event associated with the serviceability limit state. 

(2) The reduction factor can also depend on the importance category of the 
building. Values of v are given in Table 2.17. 

(3) Different values of v may be required for the various seismic zones of a 
country. The code provides methodologies in detail for buildings and their 
elements made in concrete steel, timber and masonry. Design concepts, 
material properties, building systems, dissipative zones and structural 
types of behaviour factors are dealt with in greater depths in the code. 



Table 2.17 Values of the reduction factor v 



Importance category 


I 


II 


III 


IV 


Reduction factor v 


[2,5] 


[2,5] 


[2,0] 


[2,0] 
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2.1.6 India and Pakistan: IS-1893 (1984) and PKS 395-Rev 

( 1986 ) 

Seismic actions/dynamic characteristics 

T (moment-resisting frame, shear walls) = 0.1« 



T (other buildings) = 0.09 H/\fd 


(2.89) 


n = number of storeys 
d = maximum base dimension 
H = height of the building 




Response spectrum 

S a /g versus T when c = 5%, c = 10%, c = 20% 


(2.90) 


F ir — seismic design lateral force at the zth floor level corresponding to the rth mode 


= KpiFo(j) jr C r — Wt 

s 


(2.91) 


(j) ir = mode shape coefficient 




c _Y W A 

rtv; , ir ; > /v ; 2 


(2.92) 


Seismic weights, forces and moments 




V = design base shear = KCfiloco W (India) 


(2.93) 


V = design base shear = Cscot (Pakistan) 


(2.94) 


Cs = ZISMy d Q 


(2.95) 


Z = ACF 


(2.96) 



Table 2.18 S a /g versus T(s) 



Sa/g 


n s) 


n S ) 


0 


0.16 


0.2 


0.1 


1.00 


1.9 


0.2 


0.30 


1.18 


0.3 




0.80 


0.4 




0.60 


0.5 




0.50 


0.6 




0.40 


0.7 




0.15 



From the above, the average acceleration coeffi- 
cient S a /g is obtained. 
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Fi 



= V 



Wihj 

E"=i «A 2 



IF = total load = dead + appropriate live loads 
Fj = lateral force at the zth floor = P t 
Wi = gravity load 
hi = from the base to the /th floor 
w = number of storeys = N 
Wj = individual floor load 

India 

Ff = force in the /th frame to resist torsion 
' EKtrj 

where 

Kj = stiffness of the /th frame 

ri = distance of the /th frame from the centre of the stiffness 
M t = torsional moment = 1.5 eV 

Pakistan 

Wj = Dj + nLj 

y] = 0.25-0.50 
Mj = overturning moment 

n 

= Y^Hhi-hj) + F i {h n -hj) 

Z+l 



Torsional effects 



e fl =1.5e + 0.16 or e a — e — 0.1Z? 

b = the largest distance or dimension 
<? = eccentricity 

ea = eccentricity for torsional moment 
Lj = live load at /th level 

Storey drift/P— A effect 

A ma x between two floors 0.004 x h t for height >40 m (India) 



(2.97) 

(2.98) 

(2.99) 

( 2 . 100 ) 

( 2 . 101 ) 

( 2 . 102 ) 
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Seismic factors 



c = g T 2 Fi 
1 4n 2 Wj 

A = St- Si - 1 



P — A effect 



0 , 



WAj 

Viht 



> 0.3 



<5 0 = 0 



> (Pakistan) 



(2.103) 



F ( 3 = seismic zone factor 

ao = basic horizontal seismic coefficient 

C= 5% 



A = 0-0.08 

M = material factor = 0.8— 1.2 



Q = construction factor = 1 .0 
S= 0.67-3.2 
ao = 0.01—0.08 

/= importance factor = 1.0— 1.5 
P = 0.01-0.08 

For different soil foundations: 

Site characteristics/building categories 

Table 2.19 Height versus y d 



yd 


Height (m) 


0.4 


up to 20 


0.6 


40 


0.8 


60 


1.0 


90 



Table 2.20 Values of a 0 and F 0 for 
various zones 



Zone 


a 0 


F, o 


V 


0.08 


0.40 


IV 


0.05 


0.25 


III 


0.04 


0.20 


II 


0.02 


0.10 


I 


0.01 


0.05 



2.1.7 Iran: ICRD (1988) 

Seismic actions/dynamic characteristics 

Design methodologies: Analyses 

(a) Equivalent static 

(b) Pseudo-dynamic 
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(c) Dynamic analysis using acceleration data 



T = 0.09 4= /> T < 0.06 /z 3/4 

Vl ~ 


(2.104) 


T = 0.08 /z 3/4 (steel frame) 


(2.105) 


T=0.07h 3/4 (RC frame) 


(2.106) 


2AI 

F v = vertical seismic action = W P 

Ry 


(2.107) 


Ry = reaction coefficient 




= 2.4 for steel 
= 2.0 for concrete 




Wp = Gi T Li T total 


(2.108) 


Seismic weights, forces and moments 




V = minimum base shear force = CW, 


(2.109) 


c = ARl 

B 


(2.110) 


Lateral forces 




Wh 

Fl = {y - F,) TUirfii 


(2.111) 


F t = additional lateral force at top level 




= 0 if T< 0.7 s 


(2.112) 


= 0.07 if T v < 0.25 V 


(2.112a) 


N 




Mi = F,(h N - hi) + F A h J ~ h i) i-0toN-l 


(2.113) 


7=/+l 




n 

M t i = ^ ^ ^ ijFj + T/t a 


(2.114) 



7=1 



M ta = accidental torsional moment 

Storey drift/P— A effect 

The lateral drift is > 0.005 h t . Both lateral forces and torsional moment effects 
are coupled. 
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W t = G i + r,L I 
rj = 20-40% 



A = design base acceleration = 0.35-0.20 
/ t \ 

R = 2.0fyj 0.6 <R <2.0 

I = 0 . 8 — 1.2 
B = 5—8 

Site characteristics/building categories 

1 . High-priority buildings 

2. Medium-priority buildings 

3. Low-priority buildings 

Classification 

(a) Regularity in plan 

(b) Regularity in elevation 

Soil Classification 
I to IV where 

T 0 = characteristic period on site 
= 0.3— 0.7 

2.1.8 Israel: IC-413 (1994) 

Seismic actions/dynamic characteristics 

T = 0.073 /z 3 / 4 (concrete) 

= 0.085 h VA (steel) 

= 0.049 /? 3 / 4 (others) 



Vertical seismic action 

2 

F r = ±-ZW cantilevers 

= W'mjn — X.52ISW for concrete beams 



79 

(2.115) 

(2.116) 

(2.117) 

(2.118) 



(2.119) 

( 2 . 120 ) 
( 2 . 121 ) 
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Modal lateral force = F im at level i 



E"=i W <K 



Modal displacements 



^/m(max) FK ^ ^ Ay m 

7=0 



or 



<5/tT 



, _ g TlF* 

9/m (max) “ 4 ^2 

where T m = rath natural period. 

Seismic weights, forces and moments 

N 



v = 



/=1 



Cd = 



or > 



Rjz 

R 

SIZ 



0.3/ low 
>> 0.21 medium 



^ high ductility 



Lateral forces 



Fi = 



F t = 0.01TV <0.2SV 
( V-F t )Wihi 



Ef= 1 Wihi 



at the top level F N + F t 



e = torsional accidental eccentricity 
= ±0.05L 



3.0 >A t = 2.75 ( ^ max — ) > 1.0 

\dmax + ^min/ 

£ = multiplying factor applied to lateral load at each stiffness 
element to account for torsional effect 
= 1.0 + 0 . 6 * 



( 2 . 122 ) 

(2.123) 

(2.124) 

(2.125) 

(2.126) 

(2.127) 

(2.128) 

(2.129) 

(2.130) 

(2.131) 
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Modal overturning moment 

N 

M im — ^2 F v m ( h J ~ hi) ( 2 - 132 ) 

j=i + 1 

Modal torsional moment 



— M t/m — zb £/) K/m 


(2.133) 


= eccentricity 
ei = accidental eccentricity 




Modal weight 




w (EiWi4> im ) 2 

EWL 


(2.134) 


<fi im = amplitude at zth level of mth mode 




Storey drift/P— A effect 




P — A effect 




0/>l.O 


(2.135) 


9i = WA eU -P 

Vihj 


(2.136) 


N 

Vi = ^ Fj (storey shear force) 

j=i 


(2.137) 


‘ n ~ X / 2 

A e l,/ — ^ ^ (A e l 5 im) 


(2.138) 



m—l 



A e i, im = elastic modal drift at the level of i 
Vj = modal shear force at i 



N 9 

E (r , m ) 2 

_m= 1 



1 !/ 2 



Drift limitations 



for T< 0.7 s 



i. lim 



= min 





(2.139) 



(2.140) 
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f Tsn7 A . {0.1 5hj hi \ 

forr>0.7 S 4 tli „=m,„^ 40JC ; 


(2.141) 




i 

maximum displacement 8 tmax = ±K A/ 

i—0 


(2.142) 


A / = computed interstorey displacement 




Storey drift 


A/m — 8 im 


(2.143) 


Seismic factors 


R = steel 4-8, concrete 3.5-7 






fC/ = G/+^(e/+^/-^) 

Qi = concrete load 
q { = UDL 
v4 z = area 

K g = live load factor 


(2.144) 




= 0.2 (dwellings) 
= 0.5 (stores, etc.) 
= 1.0 (storage) 






/ = 1.0— 1.4 

Cd = seismic coefficient 

R a = spectral amplification factor 






„ _ 1.255 

Ra{T) — 


(2.145) 



2.5 > R & (T) > 0.2 K 



Table 2.21 Z values for various zones 



Seismic zones 


Z 


I 


0.075 


II 


0.075 


III 


0.10 


IV 


0.15 


V 


0.25 


VI 


0.30 



S = 1.0— 2.0 
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Site characteristics/building categories 

Regular structures 
Category B < 80 m high 
Category C < 80 m high 

with normalized seismic zones Z < 0.075. 

2.1.9 Italy: CNR-GNDT (1986) and Eurocode EC8 
is Implemented 

Seismic actions/dynamic characteristics 



Structure Maximum height (m) 



Frame S = 6 S = 9 S= 12 



Frame No limitation 



Masonry 16.0 11.0 7.5 

Walls 32.0 25.0 15.0 

Timber 10.0 7.0 7.0 



Seismic index S = 6, 9 and 12 
Fundamental period T 0 



T 0 > 0.8 s R = 0.862/ r o 2/3 
r 0 <0.8s R = 1.0 



(2.146) 



(2.147) 




(2.148) 



Lateral and vertical effects 



a = 




2 ] 1/2 



(2.149) 




(2.150) 



a = single force component 



h, v = subscripts for horizontal and vertical 
f] = single displacement component 



Combination of modal effects 




(2.151) 
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>1 = yiS ( 2 - 152 ) 

a tot = combined total force = a ± a p 
a p = action due to non-seismic loads such as permanent loads and live load 
fraction 

a to t = a zb a p i (non-seismic loads) 

= a ± a p2 (fraction of live load) 
rj v = actual displacement for design purpose in elastic situation 

= n P ±4>ti 

rj p = elastic displacement due to non-seismic loads 
0 = 6 if displacements obtained from static analysis 
= 4 if displacements obtained from dynamic analysis 

2.1.10 Japan: BLEO (1981) 

Seismic actions/dynamic characteristics 

R t = spectral coefficient = 0.4 

= 1 — 0.2 (^— 1^ (2.153) 

x = 0.4 (hard soil) 

= 0.6 (medium soil) 

= 0.8 (soft soil) 
r=/z(0.02 + 0.18)s 
h = full height of the building 

Q hi = (1 + 0.1 

Qbi < 1.5 Qt 

Qbi = lateral shear strength 

lateral shear in bracings 
' total storey shear 

Qt = CiWi 

Qui = Ds F es Qj [ultimate shear strength (lateral)] 

Ds = structural coefficient 



(2.154) 
(2.154a) 

(2.155) 

(2.156) 

(2.157) 
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E es = E E - F S 



(2.158) 



Seismic intensity 

Elastic response 0.15-0.25g 

Elasto-plastic response 0.30-0.5g 



Seismic weights, forces and moments 

Lateral seismic shear force 



Qi = C'jWj 


(2.159) 


Wi = portion of the total seismic weight at the level i 

Cj = ZR t AiCo 


(2.160) 


/ 1 + 3E 


(2.161) 


o 

7 

o 

II 

ii 


(2.162) 


Wo = weight above ground floor 
C 0 = 0.2 (moderate earthquake motion) 
= 1.0 (severe earthquake motion) 




q = KW 


(2.163) 


M i = it, Fj(hj - hi) 

j=i + 1 


(2.164) 


= E QA 

j=i + 1 


(2.165) 



hj = interstorey height 

Qb = horizontal seismic shear at the basement = Q v + KWb (2.166) 

Wb = weight of the basement 
q = horizontal seismic shear force 
= KW (for appendages such as penthouse, chimneys) 
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Torsional stiffness 



r pr — 



* xy 



E ^x V 

i= 1 



1/2 



(2.167) 



Eccentricity ratio 



j 



xy 



E %K yi 



R ex = — < 0.15 



Rey = — < 0.15 

7ty 



N „ 



For the x and v directions 

at* 

Jxy = ^ / K X jy i + ^ ] Ky/Xj 
i— 1 /= 1 

where TV*, iV v = number of resisting elements. 

Connections 

M u - aM p 

a = 1.2-1. 3 

M p = full plastic moment of the column or beam 
M u = maximum bending strength of the connection 

Storey drift/P— A effect 

Seismic lateral forces = F t = Qi — Q i+ \ 



(2.168) 



(2.169) 

(2.170) 



(2.171) 



(2.172) 



(2.173) 



A ^ 260 hi or equal to for non-structural elements for buildings not exceed- 
ing 60 m height, i.e. h > 60 m. 

For steel buildings >31 m 



A 




hi 



R q < 0.15 R s > 0.6 



(2.174) 



Qi is increased by 2bz 
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Seismic factors 



R t = spectral coefficient 
A i = distribution factor 
Z = seismic coefficient = 0.7- 1.0 

Seismic coefficient K of the basement 



H = depth of the basement in metres (4>20 m). 

Site characteristics/building categories 



Type 1 Hard soil 



Type 2 Medium soil 



Type 3 Soft soil 



T= 0-2.0 s 

T c for Type 1 soil = 0.4 
T c for Type 2 soil = 0.6 
T c for Type 3 soil = 0.8 

Ds = structural coefficients 
= 0.25-0.5 (for steel) 

= 0.30-0.55 (for RC) 

F e = function of eccentricity 
= 1.0 for <0.15 

= 1.5 for R e >0.3 

Fs = function of stiffness ratio R x 
= 1.0 R s > 0.6 
= 1.5 R s <0.3 

Buildings 

Those of one to two-storeys: wooden 4>500m 2 

Special building =l>100m 2 



0.64 

~Y~ 

0.96 

~Y~ 



(2.175) 

(2.176) 

(2.177) 

(2.178) 



(2.179) 
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RC buildings 



25 + 7 J2 Ac - Z Wi A i for ^>20m (2.180) 



25^A w + 7^A c + 10J2 a c> 0.75ZAW for h> 31m (2.181) 

Steel buildings 

(1) Not exceeding three storeys 

h < 13 m span < 6 m 
total floor area < 500 m 2 
C 0 = 0.3 

(2) Not exceeding 60 m 



A c = summation of total column areas 
XI A w = summation of total horizontal cross-sectional areas of walls 



(2.182) 



2.1.11 Mexico: UN AM (1983) Mill (1988) 



Seismic actions/dynamic characteristics 




(2.183) 



Design spectra 
Referring to Fig. 2.3: 




(2.184) 




a = C 



for r a < T < 7b s 
for T> 7b s 



(2.185) 

(2.186) 




1/2 



(2.187) 



x = displacements 
F t = force at zth level 
a = spectral acceleration 
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Dynamic analysis 

Modal analysis accepted by the code: 



O.SaWo 
D) > 7 - ; 



(2.188) 



R = total response = S 

= VESj (2.189) 

Sj = modal responses 



Fig. 2.3 Design spectra: 
acceleration versus time 




Table 2.22 



Zone 


T a 


T h 


r 


Seismic zone 
A 


B 


C 


D 


I 


0.2 


0.6 


1 

2 


c values 
0.08 


0.16 


0.24 


0.48 


II 


0.3 


1.5 


2 

3 


0.12 


0.20 


0.30 


0.56 


III 


0.6 


3.9 


1.0 


0.16 


0.24 


0.36 


0.64 



Seismic weights, forces and moments 

Seismic loads 

Dead loads as prescribed (. DL ) 

Live loads = 90- 180 kg/m 2 (ZX) 
Load combinations 



UIF = ultimate internal forces 





= 1.1 (DL ± LL ± ELL ± 0.3ELT) 


(2.190) 


or 








= 1.1 (DL ± LL ± 0.3ELL ± ELT) 


(2.191) 



where 

ELL = earthquake loads (longitudinal) 
ELT = earthquake loads (transverse) 
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Static method 
Lateral forces 



Fi = 



Wh 



£,=, Wjhj 



Vo 



(2.192) 



Vo 




(2.193) 



fVo = W t = total weight 



If T< 7), <— delimiting period, the response spectrum F, (reduced) will be 
obtained by changing 



If T> T b 



Vo = jp Wo 

Ft (reduced) = IF, (A - , A, + K 2 hf) ^ 




Torsional effects 



(2.194) 

(2.195) 

(2.196) 

(2.197) 



(2.198) 

(2.199) 

e s = static eccentricity 
e = torsional eccentricity 
L = plan dimensions of a storey 



e = l.5e s + 0.1L 
e = e s — OAL 



The factor of 1.5 is reduced to take into account dynamic modifications of 
torsional motion. 

Overturning moment 
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N 

Mi = Fj(hj - hi) i = 0 to N - 1 (2.200) 

j=i + 1 

Mf is multiplied by R m = 0.8 + 0.2z where (2.201) 

height above ground 

Z= h 

Storey drift/P— A effect 

A 0.006 hi (main structural elements) (2.202) 

A > 0.012 (for partition) (2.203) 

P — A effect 

When A >0.08 V/W, this effect should be considered (2.204) 

V = calculated shear force 

W — total weight of the part of the structure above that storey 



Seismic factors 

Rd = Q (2.205) 

Q' = Q T>Ta (2.206) 

Q' = 1 + (2Q X (Q - 1) T<T a (2.207) 

Q = 4 to 1 for Q > 3 (2.208) 

The point of application of the shear force 

e r > - 0.2L if Q = 3 (2.209) 

e r >e s -0Ab if Q>3 (2.210) 



Site characteristics/building categories 

Building classification 

Group A Important buildings 
Group B Ordinary buildings 
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Table 2.23 Seismic zones: soil types 


Seismic zones 


Soil types 


I 


Hill zone, stiff rock, soft clays 


II 


Transition zone, sandy, silty sands < 20 m 


III 


Lake bed zone, clays, silty clay 



sands > 50 m 

( 2 . 211 ) 

ti = thickness of soil layers i 
Gj = shear modulus tons/m 2 
y t = unit weight tons/m 3 

Z? 1 = for Class II 

^<700-550r 0 

For outside Mexico 

T 

a = ao + (c — ao)— for T < T a (2.214) 

^ a 

2.7.72 Afew Zealand: NZS 4203 (1992) and NZNSEE (1988) 

Seismic actions/dynamic characteristics 

Methods 

(a) Equivalent static method 

(b) Modal response spectrum 

(c) Numerical integration time - history analysis 



( 2 . 212 ) 

(2.213) 



T=2tl 



EZi Wtf 
EZi w iUi 



"I 1/2 



T= 0.042 



ui = 1.0 for one storey 

= 0.85 for six or more storeys 

= for fewer than six storeys interpolate between 1.0 and 0.85 
Ui = lateral displacement at level i 

d t = lateral displacement in millimetres at the top of the building 



(2.215) 

(2.216) 
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Modal response spectrum 

Ci(r m ) = S m C h (T m , l)RZf h 

S m = response spectrum scaling factor 
T m = modal period 



Seismic weights, forces and moments 

Basic shear force 

v= cw 

W = total weight 

C= C h (T,ju)FZf L > 0.025 r>0.4s 

C= C h (0A,ju)RZf L > 0.025 T< 0.4s 



fi = 6 (structural steel) 

= 5 [concrete (RC or prestressed)] 
= 4 (masonry) 

= 3-4 (timber) 

Equivalent static force F t at level i 



Ft 



0.92V 



Wjhj 

Eh fTA 



Seismic weight with additional top force 



F t = 0.08 V 



Storey drift//*— A effect 

A = storey drift 

t 0,0.2, 0.4, 0.6 (%) 
n 

Amax = 600 



P — A effects 

Ultimately it should satisfy 



(a) E<0.4s 

(b) /z4>15mfor T<0.8s 

(c) n< 1.5 

(d) 



Vi = storey shear 



Uj - Uj-i Vi 

hi - h ,- 1 - 7.5 ££i W /. 



N 

= F< + t. F J 



/=! 



(2.217) 



(2.218) 

(2.219) 

( 2 . 220 ) 



( 2 . 221 ) 



( 2 . 222 ) 

(2.223) 

(2.224) 



(2.225) 

(2.226) 

(2.227) 

(2.228) 
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Seismic factors 

Risk factor R is given by 



1= 1.3 

II = 1.2 

III = 1.1 



IV = 1.0 

V = 0.6 



C = lateral force coefficient 
/l = limit state 
= 1.0 (ultimate) 

= 1/6 (serviceability) 

Z = zone factor 



C b (7» = basic seismic acceleration factor 

= 0-1.0 for 7 = 0-4 s and /a = 1.0-0. 6 

C h (T,n) 



Sm ' C b (T, 1) 



for r>0.4s 



S m = f b ^ 0,4 ’^ for T< 0.4s 



C„ (0.4,1) 



Sm, = 1.0 for the limit state of serviceability 

_ K m CW 
bm2 ~ V\ 



K m = 0.8 for // =1.0 



Site characteristics/building categories 

Building categories 

I Important buildings 

II Holding crowds 

III Building with highly valued contents 

IV Buildings not included in any category 

V Secondary nature 

Soil category 



(1) Rock or stiff soils 

(2) Normal soil sites 

(3) Flexible deep soil sites 



(2.229) 

(2.230) 

(2.231) 



(2.232) 
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Fig. 2.4 Shear force 
distribution 




2.1.13 USA: UBC-91 (1991) and SEAOC (1990) 



Seismic actions/dynamic characteristics 

Referring to Fig. 2.4 



T = fundamental period = C t [h N ] 3//4 
h N = h = total height 

C t = 0.035 (steel moment-resisting frame) 
= 0.030 (RC moment-resisting frame) 
= 0.020 (for Rayleigh’s formula) 



Alternatively 



T=2n 



gElJiSi) 



1/2 



ft = lateral force distribution 
V x = storey shear force at x 



N 



= F t + J2fi 

i=x 



F x is evaluated under seismic weights. 



Dynamic method 
Using modal shapes 



[K]-co 2 [Mm = { 0} 



work out co,f and T and finally modal shape [cj>]. 
Spectral accelerations 



F, * 0.07TV 



(2.233) 



(2.234) 



(2.235) 



(2.236) 
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Scaled down by peak one of 0.3g/i? w = 12: 



S al =0.034g Sa2 = 0.063g 


(2.237) 


Xi3 = 0.061g S a4 = 0.05g 


(2.238) 


Seismic weights, forces and moments 




V = basic shear force = ^ 

R w 

C- L25S < 2 75 

^ J2/3 - /J 


(2.239) 

(2.240) 


R w = structural factor = 4-12 




„ ( V-F t )W x h x ,, , , u 

F x = t- t at level x from the base 

EL W,ht 


(2.241) 


F t = 0.01 TV < 0.25V for T>0.7s 


(2.242) 


F t = 0 for T < 0.1 s 




N 

V=Ft + Y, Fi 

i=\ 


(2.243) 


Storey shear force 




N 

v x = Ft + J2 F < 

i—x 


(2.244) 


M x = overturning moment, thus 




N 

M x = F t (h N -h x )+ ^ Fi(hi - h x ) where x = 0,1,2, ... ,N 

i=x+ 1 


- 1 (2.245) 


Torsional moment 

Torsional (based on UBC-91) irregularities in buildings are 
increasing the accidental torsion by A x (amplification factor) 


considered by 


£3 ° 


(2.246) 



<5 avg = the average displacement at extreme points at level x. 
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The floor and the roof diaphragms shall resist the forces determined by the 
following formula: 



F - t + 

£ Lw, 



w px 



(2.247) 



where 

W px = weight of the diaphragm and attached parts of the building. 
Correspondingly F VX >0.15ZIW VX and 0.35 ZIW px (2.248) 



Storey drift/P— A effect 



Drift calculated > x h t (2.249) 

or 4>0.005/z/ for T< 0.7 s 

or ^0.004 hi for T > 0.7 s 

P— A effect 

Secondary moment formula drift 
Primary moment due to lateral forces 

^^4>0.10 not considered for greater values 

g = M ™ = PxAx 

x ~ M sp ~ V X H X 

Subscript x means to the level of storey x. 

Elastic storey drift 



Ai 

= % (A:<1.0) (2.253) 

K 



= E 

Ki 

= inelastic storey drift 



(2.252) 



(2.250) 

(2.251) 



or 



Aj = RA ie (2.254) 

N 

5i = lateral displacement = Aj (2.255) 

/=! 
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Total displacement 



S vx = S ix -9Y p (2.256) 

S py = 8 iy + 0Y P (2.257) 

Si X , diy = lateral displacement in x and y directions 
6 = storey rotation 

S px , S P y = lateral displacement in x and y directions 
S v = total displacement at a selected point P 

P _ / c2 , c2 \ 1/2 

d- S^ y j 

Seismic factors 

Z = seismic zone factor 
Z = 0.075 Zone I 
= 0.15 Zone IIA 
= 0.20 Zone IIB 
= 0.30 Zone III 
= 0.40 Zone IV 

/= occupancy or importance factor = 1.0-1.25 

Site characteristics/building categories 

S i type 



5 a = i + lor 


o<r< o.i5s 


(2.258) 


5 a = 2.5 T 


0.15<r< 0.39 s 


(2.259) 


0.975 

Oa — 


T> 0.39 s 


(2.260) 


5 a = l + 10r 0<T< 0.15 s(2.261) 


(2.261) 


5 a = 2.5 T 0.15 <T< 0.585 s(2.262) 



Table 2.24 Soils in seismic zones 



Seismic zones 




Soil S* 


I 


Rock like 


1.0 (50 


IIA 


Dense stiff 


1.2 (S 2 ) 


IIB 






II 


Soft-medium clay 


1.5 (S 3 ) 


IV 


Soft clay 


2.0 (S 4 ) 



S* = site coefficient 
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Fig. 2.5 F versus X 



F 




S 3 type 



1.463 

T 


T> 0.585s 


(2.262) 


1 +75T 


0<T< 0.2s 


(2.263) 


2.5 T 


0.2<T< 0.915s 


(2.264) 


2.288 ^ 
— 

T 


7> 0.915 s 


(2.265) 



K = spring parameter of the damper 

C = viscous constant of the damper 

a = parameter of the damper, a usually varies between 0.1 and 0.4 
Parameters should be experimentally calibrated by the supplier. 

Additional deliberations on viscoelastic dampers 

A convenient way to improve the dynamic performance of a structure sub- 
jected to wind or earthquake loading vibration is to incorporate mechanical 
dampers to augment the structural damping. This damping increase yields a 
reduction in the expected structural damage through a significant reduction of 
the interstory drifts of the structure during the dynamic event. 

Although the developments in research and analysis techniques, paralleled 
by significant improvements and refinements of device hardware, make the 
mechanical dampers totally suitable for consideration in new or retrofit design, 
there are still relatively few applications to buildings (Mahmoodi 1969; Aiken 
and Kelly 1990; Tsai and Lee 1993; Inaudi et al. 1993; Inaudi and Kelly 1995; 
Lai et al. 1995; Shen and Soong 1995; Makri et al. 1995). 

Among a number of viable types of energy dissipation devices proposed, the 
viscoelastic dampers have found several successful applications for wind- 
induced vibration reduction of the tall buildings. Remarkable examples are 
the 110-story twin towers of the World Trade Center, in New York City, the 
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73-story Columbia SeaFirst Building and the 60-story Number Two Union 
Square Building, both in Seattle. 

The implementation of viscoelastic dampers (VEDs) for seismic protection 
has been investigated only in the last few years (Zhang et al. 1989; Zhang and 
Soong 1992; Bergman and Hanson 1993; Hanson 1993; Tsai 1993; Chang et al. 
1993; Kasai et al. 1993; Abbas and Kelly 1993; Chang et al. 1995; Munshi and 
Kasai 1995). 

An accurate model for the mechanical behaviour of VEDs subjected to 
seismic loading must incorporate the variability of the material’s physical 
properties with the deformation amplitude, the excitation frequency and the 
temperature conditions during dynamic service. 



2.1.14 Codes Involving Seismic Devices and Isolation Techniques 

2.1.14.1 General Introduction 

Although the excessive vibrations can be based on active, semi-active or passive 
control techniques, the use of them depends on a number of factors. The passive 
control device is presently the most common, reliable and economic technical 
solution. Among many passive control devices are tuned mass dampers 
(TMDs), tuned liquid mass dampers (TLMDs) and fluid viscous dampers 
(FVDs). The general principles for the design of a damping system are 

a. It should be accessible 

b. It should have a low maintenance 

c. Its design must take into account corrosion 

d. Where high amplitude oscillations exist, buffers should be associated 

e. It should allow a later adjustment 

f. Its design must be accompanied with experimental tests 

Different types of possible damping systems are discussed in this section. 

2.1.14.2 Different types of Damper Devices 

a. Pendulum damper (horizontal tuned mass damper) 

For movement in the horizontal plane, a pendulum is clearly a simple 
system with one degree of freedom, the spring constant and a natural frequency, 
which depends on the length of its hanger / (g - acceleration due to gravity) 




(2.266) 



where fd = pendulum frequency 
Id = pendulum length 
g = acceleration due to gravity 
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Fig. 2.6 Damper 
idealization 




Id 





If the problem exists in construction and damping system, the pendulum 
length can be calculated as 



For a given pendulum length, the spring constant c of the damping system can 
be derived as 



The necessary damping g D can be provided by hydraulic dampers, friction-type 
dampers and the maximum swing period of the damper. 

Absorber T^ s should be (Anagnostopoulos 2002) 



where r str is the period of the vibration of the structure; t is the duration of the 
impact, introduced as 0.01-0. Is. 

b. Ball damper 

The idea of the dynamic vibration absorber arranged as a rolling ball is not quite new 
and in the Czech Republic was already designed for the first time at the beginning of 
the 1990s. In the application transversal vibrations of a suspended pre-stressed 
concrete footbridge spanning 252 m were shown, the natural frequency of which 
was 0.15 Hz. Pimer M and Urns hadze (Eurodyn 2005) mill press Rotterdam (2005) 
suggested, the relationship between damper mass and modal mass of structures 




(2.267) 



c= ■ m 



(2.268) 



Td — 2(T str + t) 



(2.269) 



li = 

^str 



(2.270) 
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ranging from 0 to 1 for logarithmic decrement $ of 01004 where m d is the mass of the 
ball and m str is the mass of the structure. Initial amplitudes are 100, 200 and 300 mm. 



TMD 



Reaction Buttresses 
for 

Overtravel Snubbers 



Conorete 
Mass Block 
B20.000 lb 
30’x30’x9’ 



Fluid Reservoir 
Hydrulic 
Power Supply 



Pressure Balanced 
Bearings (12) 




Motor 

Control Center 



Anti Year 
Linkage 



Overtravel 
Snubben 
(16 snubbers 
2 Each Assembly) 



N-S 

Nitrogen Charged p° ntr ° l 
Spring Actustor 
(2 Each Fbcture) 



Boom connection 
to mass Block 

Fig. 2.7 TMD in Citicorp Center (Petersen, 1980, 1981) 



The natural frequency of the rolling of the sphere is 



fds ~ 2n 



g 



(R-r)(l + (/ sph /w sph r 2 )) 



(2.271) 



where 7 sp h = moment of inertia of the rolling sphere and f ds = natural frequen- 
cies of the rolling sphere. 

The horizontal (//) and tangential forces (T) have been computed by Peter- 
sen et al as 



H = -m sph g sin cp cos cp H j 

l + ^sph 

Wsph ^ 2 



(2.272) 



T = mg sin cp — 



mg sm cp 

-^sph 



m 



mr A 



(2.273) 
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Table 2.25 Tuned mass dampers in John Hancock Tower, Boston, and Citicorp Center, New York 







John Hancock 
Boston, MA 


Citicorp Center 
New York, NY 


Typical floor size 


(ft) 


343 x 105 


160 x 160 


Floor area 


(sq ft) 


36,015 


25,600 


Building height 


(ft) 


800 


920 


Building model weight 


(tons) 


47,000 


20,000 


Building period 1 st mode 


(s) 


7.00 


6.25 


Design wind storm 


(years) 


100 


30 


Mass block weight 


(tons) 


2x300 


373 


Mass block size 


(ft) 


18x18x3 


30x30x8 


Mass block material 


(type) 


lead/steel 


concrete 


TMD/AMD stroke 


(ft) 


±6.75* 


±4.50* 


Max spring force 


(kips) 


135 


170 


Max actuator force 


(kips) 


50 


50 


Max hydraulic supply 


(gms) 


145 


190 


Max operating pressure 


(psi) 


900 


900 


Operating trigger - 
acceleration 


(g) 


0.002 


0.003 


Max power 


(HP) 


120 


160 


Equivalent damping 


(%) 


4.0% 


4.0% 



* Including overtravel. 

Note: Collected data and then tabulated. Data provided by Boston and New York Borough 
councils. They have been checked from literature. 




Fig. 2.8 TMD in Chiba Port Tower (Ohtake et al. 1992) 
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c. Tuned mass damper 

Petersen [1995] provides a method design for tuned mass dampers using equation 
(2.279) 

Calculation of damper mass: 



m c i = m/ 7 • /i (2.274) 

Calculation of optimum turning K opt and of optimum damping ratio £ opt : 

*opt = 1/1+0 (2.275) 

<^opt = v / 3- J u/8-(l+^) 3 (2.276) 

Calculation of the optimum damping frequency,/^: 

fd = K opt -f h (2.277) 

Calculation of the spring constant of the damping element, k d \ 

k d =(2-n • f d f- m d (2.278) 

Calculation of the damping coefficient of the damping element, d d c : 

d d c = 2 ■ m d ■ (2 ■ n -f d ) ■ £ opt (2.279) 

d. Viscous dampers 

Viscous elastic dampers or dry friction dampers use the action of solids to 
dissipate the oscillatory energy of a structure. It is also possible to use a fluid 
for obtaining the same goal. 

The immediate device is the one derived from the “dashpot”. In such a 
device, the dissipation is obtained by the conversion of the mechanical energy 
into heat with the help of a piston that deforms and displaces a very viscous 
substance such as silicon. Another family of dampers is based on the flow of a 
fluid in a closed container. The piston not only deforms the viscous substance 
but also forces the passage of the fluid through calibrated orifices. As in the 
preceding case, the dissipation of the energy results in development of the heat. 

The main difference between these two techniques is the following. In the 
“dashpot” damper, the dissipative force is a function of the viscosity of the fluid, 
while in the other one that force is principally due to the volumic mass of the 
fluid. This means that the dampers with orifices are more stable against tem- 
perature variations in comparison with the “dashpot” ones. 

Viscous dampers must be placed between two points of the structure with 
differential displacement between them. They can be either on an element 
linking a pier and the deck or on the horizontal wind bracing of the deck. 



Presented by www.pdfbooksfree.pk 



2.1 Existing Codes on Earthquake Design 



105 



Several recent studies have shown that supplement fluid viscous damping 
effectively reduces the seismic responses of asymmetric plan systems. However, 
these investigations examined the behaviour of asymmetric plan systems 
with linear fluid viscous dampers. Non-linear fluid viscous dampers (velocity 
exponent less than one) have the apparent advantage of limiting the peak damper 
force at large velocities while still providing sufficient supplemental damping for 
linear dampers, the damper force increasing linearly with damper velocity. 

A recent investigation examined the seismic response of asymmetric systems 
with non-linear viscous and viscoelastic dampers. It was found that structural 
response is weakly affected by damper non-linearity, and non-linear dampers 
achieve essentially the same reduction in response but with much smaller 
damper force compared to linear dampers; reductions up to 20% were observed 
for edge deformations and plan rotations of short-period systems. Further- 
more, it was shown that the earthquake response of the asymmetric systems 
with non-linear dampers can be estimated with sufficient degree of accuracy by 
analysing the same asymmetric systems with equivalent linear dampers. 
A simplified analysis procedure for asymmetric plan systems with non-linear 
dampers has also been developed. 

The investigation by Lin and Chopra examined the effects of damper 
non-linearity on edge deformations and damper forces. For asymmetric plan 
systems, however, other important response quantities of interest for design 
purposes include base shear, base torque and base torque generated by asym- 
metric distribution of dampers. Therefore, it is useful to investigate the effects of 
damper non-linearity on these responses. 

e. Viscous elastic dampers 

The use of viscous elastic materials for the control of vibrations goes back to the 
1950s. Their application in structural engineering dates back to the 1960s. 

The viscous elastic materials are principally polymers dissipating the energy 
by shear. The characteristics of viscous elastic dampers depend not only on 
frequency but also on temperature. The damping coefficient is expressed by 

C = — (2.280) 

71 ■ Ll- x z 

where W d = energy dissipation in the structure per cycle 
Q = circular frequency of excitation 
x = (piston) displacement 

To calculate the effect of dampers in the structure a time history dynamic 
analysis could be carried out. Viscoelastic damper’s behaviour could be repre- 
sented with the following simplified model: 

F=F 0 +Kx+Cv a (2.281) 
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where F = force transmitted by damper 
Fq = preloading force 
x = (piston) displacement 
v = velocity 

f. Tuned liquid dampers 

Tuned liquid dampers are fluid-filled containers and provide an interesting 
possibility for footbridge damping systems. Accelerations of the container 
cause inertial and damping forces that can be used as system damping. The 
damping forces are dependent on the viscosity of the fluid and the texture of the 
container walls. Figure 2.9 a - d is referred to as tuned liquid column dampers 
while Fig. 2.9e and f is referred to as tuned sloshing dampers. 

The natural frequency of the liquid dampers as in Fig. 2.9a and b can be 
expressed as 



/= 



_L S 

In y Lf 



(2.282) 



where Lf = total length of fluid column and g = acceleration due to gravity. 

The natural frequency of the liquid damper as in Fig. 2.9e and f can be 
expressed as 



/= s\/“f' ,anh (“i) (2 - 283) 

where a = n/2 for a rectangular container and 1.84 for a cylindrical container. 

H and L can be determined from Fig. 2.9. The radius of the cylinder can be 
replaced by L in (2.288) for cylindrical containers. 




Fig. 2.9 Various types of 
tuned liquid dampers 
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The effectiveness of a fluid damper depends on the ratio between modal mass 
of the damper and the structure and the detuning. The dimensions of the 
container, height of fluid and the viscosity of the fluid also play an important 
role. For larger accelerations, the behaviour of the fluid damper is non-linear. 
Petersen recommends an experimental tuning of the fluid damper. Contrary to a 
number of high-rise buildings, it seems that no footbridge has been equipped with 
this type of damper yet. 

Frictional damping systems 

Frictional damping systems use friction between surfaces to achieve a damping 
effect. Frictional damping systems have been used in the footbridges in 
Germany. A total of eight dampers are generally installed near the bearings, 
providing frictional damping in the vertical and longitudinal directions. 



Isolators 

(a) Natural rubber bearings 

Figure 2.10 shows the devices known as bearings made in natural rubber. They 
are either round or square in shape. The main construction is that such a 
bearing is composed of laminated rubber bearings with inner steel plates and 
flange plate. Sometimes it is encased by a layer of surface rubber. 

Dynamic Characteristics 

The vertical stiffness Kv of the natural rubber is given by 



. A x E r (\+2kS\)G h 
V t ' E r (\+2kS\) + G b 



(2.284) 



where A r : cross-sectional area of laminated rubber 
t : total rubber thickness 
Si : primary shape factor 
a e : correction modulus of longitudinal elasticity 
E r : longitudinal elastic modulus of rubber 




Force-Deformations 




(a) Round Type 




F 



Surface 



rubber 



steel plate 

Inner 

rubber Inner 

steel plate 
(b) Square Type 



Flange 

plate 



Fig. 2.10 Natural rubber bearings - isolators 
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Fig. 2.11 Stress versus 
shearing strain for case 1 




(a) Case 1 



1 - 



4 

o c -S 2 



<30 



y : Shear strain = 

Gt>: bulk modulus of rubber 
K : correction modulus of rubber hardness 



The maximum compressive strength at critical level is 60 N/mm 2 . Maximum 
shearing strain r r ( max ) is 400%. 

cr cr : compressive critical strength for shearing strain = 0 



O'er = £ • Gr ' Si * S 2 



(2.285) 



where £ 



0.85 

0.90 



(Si > 30) 
(S\ <30) 



damping 

factor 



G r : shear modulus of rubber 



(2.286) 



Fig. 2.12 Stress versus 
shearing strain - for case 2 
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1 (S 2 <4) 

0.1(52 — 3) + 1 (5 2 >4) 



(2.287) 



S 2 : secondary shape factor 




(S 2 (S 2 < 6) 
l 6 (S 2 >6) 



(2.288) 



When y ^ 0, then the maximum stresses are determined. 



ff cr(l-^)<30 (Case 1): 

n = (T C r ( 1 — ttTj;) (The maximum value of a is 60 N/mm 2 ): 
^(l-^)>30 (Case 2): 



a == (7 cr (l — j) + (The maximum value of d is 60 N/mm 2 ): 
The lateral stiffness K r at 15° is given for the hysteresis loop model as 



where G r = shear modulus of the rubber. 

Selecting dimension, the F-8 relation can be achieved using the analysis and a 
typical experiment. 

(b) High damping rubber bearing 

A procedure similar to (a) stated for natural rubber bearing on page 105 shall be 
adopted and the hysteresis shear stress versus shear strain can be drawn. 

(c) Lead-rubber bearing 
Fundamental dynamic characteristics 




(2.289) 



= C Kd (^r + ^p) (at 15°) 



(2.290) 



where K v : lateral stiffness 



F 



Kd 



Fig. 2.13 Hysteresis loop 
model of lead-rubber 
bearing 




6 
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(2.291) 



where A r : cross-section of laminated rubber 
K p : additional stiffness by lead plug 




(2.292) 



F yd = yield force 
K u = initial stiffness 
K d = secondary stiffness 
Ckd = modification modulus k d 

where a: shear modulus of lead 
A p : cross-section area of plug 
C K d • modification modulus on K d by strain dependency 



2.1.14.3 Seismic Isolation Codes and Techniques 

General Introduction 

After the 1994 Northridge earthquake in the USA, the 1995 Hyogo-Ken Nanbu 
earthquake in Japan and the 1999 Chi-Chi earthquake in Taiwan, the number 
of seismically isolated buildings has increased rapidly. Over the same period, 
building codes have been revised and updated to include requirements for 
design of seismically isolated buildings. In the USA, seismic isolation provisions 
have been included in building codes since first appearing in the 1991 Uniform 
Building Code. The current US provisions are contained in the International 
Building Code, IBC 2003, which makes reference to the requirements of ASCE 
7-02. In Japan, the most recent building code provisions took effect in 2000 and 
in China and Taiwan in 2002. 

In this section, a test study on a seismically isolated building is presented in 
order to understand and illustrate the difference in the isolation provisions of 
the building codes of Japan, China, the USA, Italy and Taiwan. The concept of 
the design spectrum in each code is summarized first. To consider the seismic 
region coefficients, the target construction sites are assumed to be in Tokyo, 



' 0.779y [y <0.25] 



(2.293) 

(2.294) 

(2.295) 



Ckd = y [0.25 < y < 1.0] 
y [1-0 < y < 2.5] 



The yield force F yd is determined as 



F yd — C yd o p \ 0 A p at 15 



(2.296) 
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Beijing, Los Angeles, Potenza and Taipei, respectively. A fixed soil profile is 
assumed in all cases where the average shear wave velocity within the top 30 m is 
about 209 m/s. 

If the control device needs external energy to modify the vibration properties 
of a structure, a closed-loop control system can be used, which does not affect 
many properties of external vibrations. In the case of an open loop control 
system external vibrations are sensed as soon as they reach the foundation and 
before they are incident on the building. The control is exercised in such a way 
that the building does not vibrate in resonance with the severe changes in 
seismic motion. The usefulness of the open-loop system depends on the proper 
functioning of the brain unit which recognizes the information from various 
sensors and generates signals to counter the earthquake. 

Various devices are being considered for the control mechanism. The 
main mechanisms being discussed are (a) variable stiffness mechanism where 
stiffness of the structure is varied according to the seismic motion striking the 
foundation of the building so that the building does not attain resonance 
condition and (b) a mechanism requiring external energy or a mechanism 
with additional control power which actively and effectively absorbs the energy 
incident on the building according to the response and which can restore the 
deformation caused in the building due to the action of the seismic force. 

Design Spectrum 

In general, seismic load is expressed by a 5% damped design spectrum as follows: 

S(T) = IS & (T) (2.297) 

where 

/: occupancy importance factor, which is taken as 1.0 in this study 
T : fundamental period of the structure 

S a (T ): the design spectrum on site. 

The design spectrum generally consists of two parts, namely, a uniform accel- 
eration portion in the short-period range and a uniform velocity portion in the 
longer period range. 

In the Chinese code, spectrum in the constant velocity portion is additionally 
increased to ensure the safety of structures having long natural periods, such as 
high-rise buildings or seismically isolated buildings. 

A two-stage design philosophy is introduced in the Japanese, Chinese 
and Italian codes. The two stages are usually defined as damage limitation 
(level 1) and life safety (level 2). In this chapter, response analyses in the life 
safety stage will be discussed. In addition, an extremely large earthquake with 2% 
probability of exceedance in 50 years is defined to check the maximum design 
displacement of the isolation system in the US and Italian codes. 
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China Codified Method 

Plate 2.1 gives an overall specification of the design spectrum. The response 
spectrum for isolated buildings requires design spectrum. 

Time history analysis is suggested to calculate the response. 

- The first branch for periods less than 0.1 s. 

- The constant design spectrum branch, with amplitude listed in Plate 2.1 
between 0.1 s and the characteristic period of ground motion T g . 

- The third branch, which decreases over the period range T g to five times T g . 

- The fourth decreasing branch for periods greater than T g and defined up 
to 6 s. 



Plate 2.1 



Country Design spectrum 



Spectral acceleration versus period 



China 



There are four site classes which are classified by 
characteristic period Tg shown in Table 

(0.45 + T)a max T < 0.1 (2.298) 

rj 2 <X.max 0.1 <T<T g 

a( g ) = < T 

2«m,x T g <T<5T g 

. [ J ? 2 0-2 y 5T g )]a max 5T g <T < 6.0 

where 

oCmax : zone factor 
rji,y \ shape coefficients; 
r \ 2 : response reduction factor defined in 
Equation 




Return period Level 1 50 years 

Level 2 1600-2500 years 
Storey drift, 1/550 



Design response spectrum (China) 



3 1 -0 

I 0.8 

co 

i 0.6 

u 

w 

O 0.2 
w 
0 

CC 0.0 

0 12 3 4 

Period (s) 

Site spectra for the four kind site classes (China) 



Zone factor a max (g) based on Seismie Intensity (China) 







Intensity 




Level 


VI 


VII 


VIII 


IX 


Level 1 


0.04 


0.08 (0.12) 


0.16(0.24) 


0.32 


Level 2 




0.50 (0.72) 


0.90(1.20) 


1.40 


( ): regions where the amplitude of design basic accel- 


eration is 0.15 g or 0.30 g. 






Characteristic period T g related to site class (China) 








Site 




Zone 


I 


II 


III 


IV 


1 


0.25 


0.35 


0.45 


0.65 


2 


0.30 


0.40 


0.55 


0.75 


3 


0.35 


0.45 


0.65 


0.90 



j f 


Intensity VIII | 


1 iy, i 


Site class 1 


„VU..',v.. \ 


site class II 


" \ V\ b 




\ 


- - - Site class IV 4 




h 


i i \ 



Fortification intensity 


6 


7 


8 


9 


a-max Frequently occurred earthquake 


0.04 


0.08(0.12) 


0.16(0.24) 


0.32 


Seldom occurred earthquake 


0.28 


0.50(0.72) 


0.90(1.20) 


1.40 


Design basis earthquake 


0.05 


0.10(0.15) 


0.20(0.30) 


0.40 



T g : characteristic period related 

to the site soil profile: £: effective 

damping. 

-v — o 9 4- °- 05 ~^ 
y — v-y -t- o. 5+ 5£ 

— 0.02 + (0.05 0/8 > 0 Note: In the items of <x max the values in brackets are used for the regions which 

^2 = 1 + 0.06+1.7C ’ — 0-55 (2.299) Design Basis Earthquake acceleration values are 0.15 g or 0.30 g. 



Presented by www.pdfbooksfree.pk 



2.1 Existing Codes on Earthquake Design 



113 



Table 2.26 The peak value of acceleration based on time history analysis 



Seismic intensity/peak acc. (gal) 


6 


7 


8 


9 


Frequently occurred earthquake 


18 


35 (55) 


70 (110) 


140 


Seldom occurred earthquake 




220 (310) 


400 (510) 


620 



Japan 

Introduction 

Japan is situated at the complex intersection of the Eurasian, North American, 
Pacific and Philippine tectonic plate boundaries, a region that is considered as 
having one of the highest risks of severe seismic activity of any area in the world. 
Nearly 60% of Japan’s population is concentrated in the three largest cities of 
the Kanto, Chubu and Kansai regions. The Kanto region includes Japan’s two 
largest cities, Tokyo and Yokohama, the Chubu region includes Nagoya and 
the Kansai area includes Kyoto, Osaka and Kobe. In an east - west area these 
three regions are situated along the subduction zone of the Philippine and 
Pacific plates and have experienced many large earthquakes such as the 1854 
Ansei-Tokai earthquake (M8.4), the 1923 Kanto earthquake (M7.9). All of 
these cities have suffered destructive damage in the past earthquakes. The 
northwestern coast of Japan lies on the boundaries of the Eurasian and North 
American plates. The 1964 Niigata Prefecture earthquake (M6.8) had occurred 
almost all over Japan. 

The severe seismic threat faced by the entire country has led to the extensive 
development of the field of earthquake engineering and resulted in widespread 
innovation and application of innovative seismic structural technologies in 
Japan. 

Recent applications of seismic isolation have extended beyond implementing 
the plane of isolation at the base of a building to mid-story isolation and also to 
applying isolation to high-rise buildings with heights greater than 60 m. More- 
over, seismic isolation has been utilized as a means to realize architectural 
design aesthetics, a realm that hitherto was much restricted in traditional 
Japanese earthquake-resistant design. 

The Japan Society of Seismic Isolation (JSSI) published “the Guideline for 
Design of Seismically Isolated Buildings” in 2005 summarizing the basic con- 
cepts and approach for performing time history analysis of seismically isolated 
buildings. 

In the 1995 Hyogo-Ken Nanbu earthquake, a large number of condominium 
buildings suffered severe damage, but mostly they did not collapse. Subse- 
quently, many complex issues arose between the engineer and residence owners 
in deciding whether or not to demolish or to repair the damaged buildings. 
These difficulties called developer’s attention to the importance of maintaining 
a building’s function or limiting damage to a low and repairable level, even after 
a severe earthquake. 



Presented by www.pdfbooksfree.pk 



114 



2 Existing Codes on Earthquake Design 



Japanese Codified Method 

The basic parameters are indicated briefly in Plate 2.2 and give the response 
factor at ground face for three features of devices. Plate 2.2 gives also the 
relatives for ground characteristics together with the isolation devices. 

The verification response values. The response acceleration, Q S a , is deter- 
mined as the value of the vertical axis at the corresponding natural period 
calculated as shown. The response displacement e <5 at gravity centre is deter- 
mined as follows: 



e 



<5=e 



Q/K e q = 



MeS a 

A' eq 



(2.300) 



Plate 2.2 Design spectrum adopted in Japan 



Country Design spectrum 



Spectral acceleration versus period 



Japan 



In general, the five percent-damped spectral 
acceleration, s a (T) is: 

S a (T) = ZGi(T)S 0 {T) 

where Z: the seismic hazard zone factor. 

Gst(T ): a soil amplification factor dependent on the 
soil profile. 

So(T): the design spectral acceleration at 
engineering bedrock defined in Equation (3.3) 
which is shown in Figure for Level 2 

( 3.2 + 30 T T< 0.16 
S a {m/s 1 )=\ 8.0 0.16<T< 0.64 

[ 5.12 /T 0.64 <T 




Storey drift, 1 /200 
Return year period 50 - 500 




Design spectral acceleration at the engineering bedrock 
(V s >400m/s) (Japan) 
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Fig. 2.14 Response 
spectrum at ground surface 




T is) 



Considering the layout of isolation devices, which cause eccentricities between 
the gravity centre and stiffness centre, the overall response displacement of the 
isolation interface e <5 r is obtained as follows: 

e (5 = l.l e <5r<(<5 s ) 

e^r — OCqS 



Table 2.27 Features of devices 





NRB700 


LRB800 


LRB850 


Diameter (mm) 


700 


800 


850 


Inner diameter (mm) 


15 


160 


170 


Rubber sheet (mm) * Layer 


4.7x30 


5.1x33 


5.25x32 


Area (cm 2 ) 


3,847 


4,825 


5,448 


Steel plate (mm) 


3.1x29 


4.4x32 


4.4x31 


Height of rubber (mm) 


141 


168 


168 


1 st shape factor 


36.4 


39.2 


40.5 


2 nd shape factor 


5 


4.8 


5.1 


Diameter of lead core (mm) 


- 


160 


170 


Diameter of flange (mm) 


1,000 


1,150 


1,200 


Flange thickness (mm) 


28-22 


32-24 


32-24 


Height (mm) 


286.9 


373.1 


368.4 


Weight (kN) 


6.4 


11.5 


12.7 


Total number 


2 


4 


6 


Table 2.28 


Eccentricities of isolation interface 




Gravity 


Rigidity 


Eccentricity 


Eccentricity 


Story g x ( m) g>(m) 


7 x (m) 7y(m) 


e x (m) e y (m) 


Rex Rey 


y = 1.0 1148.3 708.2 


1121.4 707.4 


26.8 0.8 


0.001 0.029 


7 = 1.5 1148.3 708.2 


1121.3 689.6 


27.0 18.6 


0.020 0.029 
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Table 2.29 Relation for ground characteristics 





Formulae 


Minimum values 


T< 0.8r 2 


Gs = G s 2 0^87^ 


1.2 


o. 8 r 2 <r< 0 . 8 T 1 


ri G S \—G S 2 r p | . a o G s \-G s i 

— o.8(ri-r 2 ) 1 ^ s2 o.8(7i-r 2 ) 1 2 


1.2 


0.8Ti<r< \.2T\ 


G s = G s \ 


1.2 


\.2T\ < T 


ri Gsi-1 1 | ri G s i-l l 

s_ 03Y- 0 - 1 \.2T\ 


1.0 



Note: Data provided by the Japanese manufacturers for devices. 



Table 2.30 


Dimensions of dampers 






Steel bar damper 


Lead damper 


Rod Rod diameter (mm) 


090 


0180 


Number of rods 


4 


1 


Loop diameter 


0760 


- 


Material (Standard No.) 


SCM415 (JIS G 4105) 


Lead (JIS H 2105) 


Number of dampers 


16 


6 



Table 2.31 Characteristics of isolation devices 





Item 


Rubber bearings 
0 800 0 800A 


Steel rod 
damper 


Lead 

damper 


Horizontal 


Initial stiffness K x 


1,060 


860 


7,110 


12,000 


stiffness (kN/ 
m) 


Secondary stiffness K 2 






0 


0 




Yield load (kN) 


- 


- 


290 


90 




Yield displacement (m) 


- 


- 


0.0408 


0.0075 



where a is the safety factor for temperature-dependent stiffness changes and 
property dispersions in manufacturing of devices and superstructures, which 
must be smaller than their strength and allowable stress, respectively. 



The United States of America 
Introduction 

This section presents an overview of seismic isolation and passive energy dissipa- 
tion technologies in the USA. A historical survey of seismic isolation and energy 
dissipation applications is presented with descriptions of selected notable pro- 
jects. The types of devices that are most commonly used in the USA are described 
along with a brief overview of research on the technologies and the evolution of 
code regulations governing their use. The section concludes with comments on 
the future direction of the technologies. 
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Overview of Seismic Isolation Applications in the USA 

Construction of the first seismically isolated building in the USA was completed 
in 1985 and by mid-2005 there were approximately 80 seismically isolated 
buildings in the USA. Some of the most significant early projects are discussed 
below, along with examples of several more recent projects. 

Buildings 

The first building in the USA to be seismically isolated, the Foothill Com- 
munities Law and Justice Center in Rancho, California, was completed in 
1985, a four-storey plus basement building. The realization of the project was 
the culmination of the efforts of numerous parties. The use of high-damping 
rubber bearings was the first application in the world of this type of isolation 
system. 

The US Court of Appeals building, in San Francisco, is another example of 
a large historic building retrofit of numerous other monumental building 
structures, including City Hall in Oakland and State Capitols in South Carolina 
and Utah. 

Seismic isolation has been used throughout the US buildings up and down 
the country; many reports exist on the testing facilities of passive energy 
dissipation systems. However, code provisions for seismic isolation and passive 
energy systems are briefly dealt with below. 

Current Status and Future Development 

Seismic isolation. Given the 20-year application history of seismic isolation in 
the USA, the approximately 80 projects completed is a modest total. While 
many notable projects, particularly the retrofit of a number of landmark 
historic buildings, have been undertaken, fewer projects of this type are 
expected in the future. Seismic isolation has not moved into the mainstream 
as a widely accepted and used seismic-resistant technology. 

Somewhat unfairly, seismic isolation has suffered under the conventional 
wisdom that it is an expensive technology. Many of the most prominent 
early isolation projects were large and costly retrofits of historic buildings, 
projects that would have been expensive regardless of whether or not isolation 
was used. Nonetheless, the general belief has evolved that seismic isolation 
is expensive and that it is not economically feasible to consider for typical 
buildings. 

Codified Method 

According to IBC 2003, the general design response spectrum curve with 
various equations are indicated in Plate 2.3. 

Apart from these parameters, the values of the site coefficient F a as a 
function of the site class and mapped spectra response acceleration at short 
period ( S) would be needed and they are given below: 
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Plate 2.3 Design spectrum and Data (U.S.A) 

Country Design spectrum Spectral acceleration versus period 



USA According to the IBC 2003, the general design 
response spectrum curve is as shown in Figure 
and is defined by Equation 

r 0.6^ + 0AS D s T<T q 

S a = l Sds T 0 <T<T s 

{ T S <T 

where: 

Sds, Sd\ : the design spectral response 
acceleration at short periods and one second 
period, respectively, as determined by Equation 
(3.8). 

To = 0.2Sdi / S D s', Ts = S D i / S DS 
Sds = f Sms = § F a Ss 
Sdi = \Sm\ = \F v S\ 

S s ~\.S5&Si = 0.623 g 
Wher e:F a ,F y : site coefficients defined in Tables 
and, respectively. S s ,S i : the mapped spectral 
accelerations for short periods and one second 
period. 

Table Values of the site coefficient F a as a functions of the class 
and mapped spectral response acceleration at short period (S s ) a 



Mapped spectral accelerations at short periods 

Site Class S s < 0.25 S s = 0.50 S s = 0.75 S s = 1.00 S s < 1.25 



A 


0.8 


0.8 


0.8 


0.8 


0.8 


B 


1.0 


1.0 


1.0 


1.0 


1.0 


C 


1.2 


1.2 


1.1 


1.0 


1.0 


D 


1.6 


1.4 


1.2 


1.1 


1.0 


E 


2.5 


1.7 


1.2 


0.9 


0.9 


F 


Note b 


Note b 


Note b 


Note b 


Note b 



a Use straight line interpolation for intermediate values of 
mapped spectral acceleration at short period 
b. Site specific geotechnical investigation and dynamic site 
response analyses shall be performed. 




Period {s) 

Design response spectrum, IBC 2003 (USA) 




Site spectra at the four kinds of site classes (USA) 



Table Values of site coefficient Fa as a function of site class and mapped 
spectral response acceleration at short period (S t ) a 



Mapped spectral accelerations at one second period 
Site Class S t <0.1 S t = 0.2 S t = 0.3 


St = 0.4 


St < 0.5 


A 


0.8 


0.8 


0.8 


0.8 


0.8 


B 


1.0 


1.0 


1.0 


1.0 


1.0 


C 


1.74 


1.6 


1.5 


1.4 


1.3 


D 


2.4 


2.0 


1.8 


1.6 


1.5 


E 


3.5 


3.2 


2.8 


2.4 


2.4 


F 


Note b 


Note b 


Note b 


Note b 


Note b 



Values of site coefficient F& as a function of site class and mapped spectral 
response are given in tables provided by the code. 

Based on ISO, the following information is required if one goes on using the code: 

Acceleration at short period (Ss) a 

Mapped spectral accelerations at short periods 

Site Class 

A reference is made to the code 
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ISO 3010: 200 IE. Plate 2.4 indicate the relationships for normalised response 
spectra. 

Sheet No. S 2.4 to 2.5.3 give brief information on this subject based on the ISO 
requirements. These sheets are available. 



Country 



Plate 2.4 Design spectrum based on ISO 

Spectral acceleration 

Design spectrum versus period 



ISO 3010: 
200 IE 



c 

D> 

</> 2 
® <D g 
73 c n ± 

"OCT 
CD O p 
N Q- c 
= (f) c 

CO 0 C 

E *“ z 




response spectrum 



Eurocode-8 

Introduction 

The seismic protection of conventional structures is based on the favourable 
changes of their dynamic characteristics, induced by yielding and damage 
occurring in structural and non-structural elements under intense seismic 
action. Such changes can be essentially described as an increase of flexibility 
and of damping. Due to the usual spectral characteristics of earthquakes and/or 
to the energy dissipation occurring in the structure, these changes give rise to a 
considerable reduction in the structural mass accelerations and, then, of the 
inertia forces. This makes it possible for a ductile structure to survive a 
“destructive” earthquake without collapsing. 

In the last two to three decades, new strategies have been developed 
which still rely upon deformation and energy dissipation capabilities. These 
properties, however, are concentrated in special devices, in the form of rubber 
or sliding bearings, of energy dissipating and/or re-centring viscous or hystere- 
tic devices. Such devices are incorporated in the structure so as to store and 
dissipate most of the input energy. The inertia forces acting on the structure 
during a strong earthquake are considerably reduced, so that no damage to 
structural and non-structural elements is in principle required to further reduce 
them, and hence higher levels of seismic protection are obtained. 

The two most frequently used “passive control” strategies for buildings are 



- energy dissipation 

- seismic isolation 
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The energy dissipation strategy consists of the introduction within the structural 
system of elements specifically designed to dissipate energy in the dynamic deforma- 
tion of the structure. These elements may take the form of dissipative steel bracings 
separate for the structure and working in parallel with it or they can be obtained by 
the use of friction devices, viscous dampers or elasto-plastic steel components. 

Seismic isolation essentially uncouples the structural movement from the 
ground motion by introducing a strong discontinuity in the lateral stiffness 
distribution along the height of the structure (usually at their base in buildings). 
The structure is thus subdivided into two parts: the substructure, rigidly 
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3 4 




1 2 



a) Seismic isolation b) Energy absorbtion c) Mass effect mechanism 

Key 

1 Isolator 

2 Damper 

3 Mass 

4 Spring 

Fig. 2.16 Example of passive control system 





Key 

1 Sensor 

2 Actuator 

3 Mass 

4 Spring 

5 Computer 

6 Brace 

Fig. 2.17 Example of active control system 
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Plate 2.5 Eurocode 8 elastic response spectra for 5% damping: (a, b) pseudo-acceleration 
spectra; (c, d) displacement spectra; (a, c) recommended spectra of type 1; (b, d) recommended 
spectra of type 2. 

Note: these diagrams are taken from Eurocode 8 with indebtedness and compliment 

connected to the ground, and the superstructure. They are separated by the 
isolation interface, which includes the isolation system. 

After a careful consideration of the Eurocode-8, four diagrams covering 
elastic response spectra, pseudo-acceleration spectra and displacement spectra 
are given in Plate 2.5 

Classification and Characteristics of Response-Controlled Structures 

In general there is a great non-uniformity in the classification of response-controlled 
structure. Various methodologies have been delivered. Some are listed in Plate 2.5. 



Fig. 2.18 Simplified two- 
degrees-of-freedom model 
of a base-isolated structure 
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A Comparative Study of Seismic Codes 
Introduction 

Plate 2.6 gives a brief comparison of response acceleration versus period 
based on a fixed soil profile using isolation techniques adopted in Japan, 
China, the USA, Italy and Eurocode 8. The Far East countries data were 
compared with 5 and 20% damping. Where the effective damping rate is 
greater than 15%, the reduction factor in the Japanese is comparatively 
smaller. The dynamic characteristics of the soils such as the relationship 
between G (shear stiffness), y (shear strain) and effective damping have been 



Plate 2.6 Design spectra-a comparative study 

Country Design spectrum Spectral acceleration versus period 



Comparison 

Japan 

China 

Taiwan 

The USA 

Italy 

Euro 8 




Fire percent -dumped Kwkuii® laptwat iptem for Tolqw. Beijing. Lw A-ngck*, 
Foicfiu and Taipei 

Five percentamped acceleration response spectra for Tokyo, Beijing. 
Los Angles, Potenza and Taipei 




In order to evaluate the differences in the spectral 
accelerations, a comparison study is conducted. For 
this study, the building sites are assumed to be in 
Tokyo, Beijing, Los Angeles, Potenza and Taipei. A 
fixed soil profile is assumed, where 
Fs, average = 209 m/s. Typically, seismically 
isolated buildings should be located on relatively stiff 
ground, such as that defined. In the Japanese code, 
an iterative procedure is used to calculate the site 
amplification coefficient, rather than using the 
amplification coefficients defined in the code. The 
detailed procedure is shown in Section 5.3.2. The 
dynamic characteristics of the soils such as the 
relationship between shear stiffness G and shear 
strain and the relationship between effective damping 
and shear strain were obtained from the site 
investigation. Ground surface 5% damped 
acceleration response spectra given by the five 
different codes. In the short-period range, less than 
about 0.5 s, Sa, Italy, is the largest. For periods 
longer than about 0.6 s, Sa, USA and Sa, Japan, have 
approximately the same value. Beyond about 1.2 s, 
Sa, Taiwan, has the largest value due to the Taipei 
basin geology. Soong et al. ( ) used a fixed soil profile 
for comparison. 

It is seen that for structures having natural periods 
longer than 3 s, the spectral acceleration level is about 
the same for all five codes, with the exception of the 
Italian code, which gives slightly lower values 



Soil Profile used for study, where V s average = 209 m/s 



Layer 


Depth (m) 


Vs (m/s) 


y (t/m 3 ) 


1 


0.00 


120 


1.85 


2 


2.85 


120 


1.50 


3 


5.90 


120 


1.80 


4 


8.95 


310 


1.90 


5 


14.35 


220 


1.85 


6 


18.55 


380 


2.00 


7 


23.50 


320 


1.75 


8 


28.50 


400 


1.95 



4.5 

f 4 

r 3.5 

1 3 



1 15 
& 1 
0.5 
0 

0 0.5 1 1.5 2 2.5 3 3.5 4 

Period (s) 




Ref. seismic conceptual Design of Buildings. Prof Hugo Backman 
DFA and DETEC, Switzerland BBL publications, BWG 2003. 
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Note: They are collected and then placed in the correct order from numerous literature on earthquakes and buildings related to earthquakes. They are based on constructed facilities. 
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Table 2.36 (continued) 

(4) Dieres 
Industries 

(0) Hachiya (1) Christian Data (3) Obayashi Group Technical Fujizawa site TC (5) Funabashi 
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evaluated. The spectral acceleration level is about the same in all codes men- 
tioned here. The velocity versus coverage (average) was taken by Soong et al. 
to be 210 m/s. 

Data on Constructed Facilities 

Some constructed building and other structural facilities have been examined 
with respect to the usage of seismic devices and are categorized on the basis of 
the types of structures and seismic devices installed to control and minimize 
various parameters inclusive of disastrous vibrations included by the earth- 
quakes. Tables (2.34) to (2.36) give the details of the constructed facilities where 
various devices have been installed. 
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Chapter 3 

Basic Structural Dynamics 



3.1 General Introduction 

Most loads acting on structures are dynamic in origin. These loads can be 
suddenly applied or allowed to reach full magnitude after a considerable 
delay. On the other hand, the structures will have various degrees of freedom 
with unclamped or clamped free or forced vibrations. These need to be dis- 
cussed prior to the introduction of earthquake analysis and design. 

One of the most important applications of the theory of structural dynamics 
is in analysing the response of structures to ground shaking caused by an 
earthquake. In this chapter the reader can study the earthquake response of 
linear SDF systems to earthquake motions. By definition, linear systems are 
elastic systems and one shall also refer to them as linearly elastic systems to 
emphasize both properties. Because earthquakes can cause damage to many 
structures, one is also interested in the response of yielding or inelastic systems, 
the subject is known as non-linear structural dynamics. 

The later part of this chapter is concerned with the earthquake response 
deformation, internal element forces, stresses and so on of simple structures as 
a function of time and how this response depends on the system parameters. 
Then one introduces the response spectrum concept, which is central to earth- 
quake engineering, together with procedures to determine the peak response of 
systems directly from the response spectrum. This is followed by a study of the 
characteristics of earthquake response spectra, which lead into the design spec- 
trum for the design of new structures and safety evaluation of existing structures 
against future earthquakes. A number of examples are given to the reader in 
order to understand the basis of structural dynamics in relation to earthquakes. 

3.2 Structural Dynamics 

3.2.1 General Introduction to Basic Dynamics 

A number of textbooks and research papers have been written on the subject of 
structural dynamics in relation to earthquakes. Various mathematical models 
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3 Basic Structural Dynamics 



exist. In such models the number of independent coordinates specifies the 
position or configuration at any time. They are known as degrees of freedom. 
The structures can be idealized in some cases from a single degree of freedom to 
multiple degrees of freedom, depending on the nature of the problem. Sections 
3.2.2, 3.2.3, 3.2.4 and 3.2.5 summarize these cases. They are included so that the 
reader becomes familiarized with the concepts of structural dynamics asso- 
ciated with seismic activities. Some case studies are included in the form of 
examples. 



3.2.2 Single-Degree-of-Freedom Systems - Undamped Free 
Vibrations 

3.2.2. 1 The Mathematical Models 

A mass M is suspended by a spring having a linear constant K (the force 
necessary to cause unit change of length, also called spring stiffness; units: lb/ 
in or N/mm). Horizontal constraints are assumed, so that m can only be 
displaced vertically (Fig. 3.1): 

W — KAstat = 0 

(3T) 

W = KAstat 




The coordinate x defines the position of mass M at any time; positive 5 is taken 
downwards, with the same sign convention for forces, accelerations, etc. 
(Fig. 3.2). 
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Equilibrium position 




Equilibrium 

position 

nil/ 



a stat. - X 

▲ 



Dynamic 

position 



Complete Free Body \ 1/1/ = Mg 



K 



M 

Dynamic Free Body 



Fig. 3.2 Displacement of a mass from the equilibrium position and released 



3.2.2.2 Setting Up the Differential Equation 



(a) By Newton s second law of motion 

The magnitude of the acceleration of a particle is proportional to the resultant 
force acting upon it and has the same direction and sense as this force: 



or 



dx 
dt 
(fix 
dt 2 
fix 
~dfi 
fix 
~dfi 



x (velocity) 
x (acceleration) 
-^(Astat + 8 ) + W 
-Kx 



(3.2) 



x + Kx = 0 



(3.3) 



(b) By energy method 

For a conservative system, the total energy of the system (potential and kinetic 
energy) is unchanged at all times. 



or 



KE + PE = constant 



4= (KE+PE) = 0 
dt i ' 

KE = -Mx 2 

2 

r 0 K 2 

PE — J [w- k{ Astat + x)]dx = - J K x d x = -X- 



(3.4) 

(3.5) 

(3.6) 



d ( Mx 2 Kx 1 
- [ — + ~2 



dt \ 



= 0 or Mx + Kx = 0 



(3.6a) 
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The motion defined is said to be harmonic, because of its sinusoidal form. The 
motion is repeated, with the time for one cycle being defined by the value cot 
equals 2n. The period T or time for one cycle is 

2n 

T=— (3.7) 

co 

The reciprocal of T is called frequency f (in cycles per unit time): 



T = 



co 

2n 



(3.8) 



The term co is called circular frequency , and it is measured in radians per 
second: 



= ./ 5 = 

V W \j Astat 

o 9 9 (3.9) 

g = 32.2ft/s 2 or 386 in/ s 2 or 9.81m/s 2 

Astat = static deflection of the system 

Remember to use consistent units when calculating co or /. The last of the 
expressions (3.9) seems to be the most convenient in structural applications. 
The velocity: 

x = xo cos cot = xqoj sin cot 

= X cocos(cot + (/)) = X cosin(co£ + 0 + n/2) (3.10) 

= Xcos(<x>£ + f) 

amplitude of velocity: 




acceleration: 

x = — xoco sin cot — xq co 2 sin cot 
- —Xco 2 sin(co/ + </>) = Xco 2 sin(co^ + cj) + n) (3.11) 

= — co 2 x = — Jfsin (cot + f) 

amplitude of acceleration: 

X= X co 2 
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The velocity is co times the displacement and leads it by 90°. The acceleration 
is co 2 times the displacement and leads it by 180°. 

Displacement, velocity, acceleration against cot diagrams are shown in 
Fig. 3.3. 





uT = 271 




-uT 



Fig. 3.3 Displacement, period, velocity and acceleration 



The phase angle indicates the amount by which each curve is shifted ahead 
with respect to an ordinary sine curve: 



X=Xco (3.12a) 



X=Xco = Xco 2 (3.12b) 

The rotating vector concept: phase-plane solutions 

The displacement x is given according to Figs. 3.4 and 3.5. Three vectors A, B 
and C whose relative positions are fixed rotate with angular velocity co. Their 
angular position at any time t is oot. A and B are at right angles and C leads A by 
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X, X, X X, X, X 




the phase angle </>. A graphical representation is obtained by vertically project- 
ing the vectors onto the x + cot graph. 



co 

B =x 0 (3.13a) 

C = \Ta 2 + B 1 = X 



The velocity and acceleration curves, as well as the displacement, can be 
generated in this manner using rotating vectors X,X,X. The velocity and 
acceleration vectors lead the displacement by 90° and 180°, respectively. Their 
relative position is fixed and they rotate with angular velocity co: 
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x = A sin = — sin cot xo = 0! 

co 

x = X co cos cot = A" cos cot 
x = co 2 — X sin cot = —X sin cot 



(3.13b) 



3.2.3 Summary and Conclusions 

3.2.3. 1 Example 

A beam with uniformly distributed mass m , and unit length, supporting a 
concentrated mass, M, at midspan is illustrated in Fig. 3.6. 



x 



M 




distributed mass/unit length 




Making the assumption that the dynamic deflection curve is of the same 
shape as that due to the concentrated load acting statically on the beam, the 
vertical displacement at a distance x from the left support is 



3 xL 2 - 4x 3 



(3.14) 



max KE (due to distributed mass) 



= 2 




3 xL 2 — 4a' 3 

1} 



dx 



_ 17 T fc 

— ~,r (tiL 

35 2 g 



(3.15) 



maxKE (due to concentrated load) 



1 W 

2j 



(3.16) 
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max SE = \ Ky 2 



(3.17) 



total energy = KE + SE = constant 







(3.18) 




\ 



/ 



= 0 



(3.19) 



This expression is equivalent to (3.7) except that ^ of the total mass of the 
beam is lumped with the concentrated mass. The natural frequency is 



where Astat is the static deflection under the concentrated load due to a total 
load of W + ^coL acting at the same point. 

3.2.3.2 Estimate of the Fundamental Frequency of Multi-mass Systems 
by Rayleigh’s Method 

The mass of the beam or structure is assumed negligible or is “lumped” as 
in (3.20). 

Assume again that the dynamic amplitude of the loads W\, W 2 , • • ■ , W n is 
approximated by the static deflections of the structure y 1 , y 2 , . . . , y n at the load 
points. Substitute into (3.16), remembering that the amplitude of the velocity is 




(3.20) 



yi = coy 




(3.21) 




(3.22) 




fFjy _ co 2 W ;y 2 



(3.23) 



^2 g ^ 2 
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Hence 



® = Vg 

< 



/ 

\ 



CD 

2tl 




Vg 



W\y\ + \V2y2 H 

m yj + Wifi + • • • 



(3.24) 



The above provides a powerful method for the determination of the estimate 
of the fundamental frequency of many structural systems of practical 
importance: 

(i) trusses: the masses and loads are lumped in the joints. The statical deflections 
may be in this case conveniently found from a Williot diagram (Fig. 3.7) or by 
calculation. The vertical deflections will usually be of interest. 



Wt of beam 1/1/ = Mg 
per unit of length 


l/1/i = M A g 


W 2 =M 2 g 


W 3 =M 3 g 

r~\ 


1 


( ) 


( ) 


( ) 1 


A---..... 


.... y* 


y 2 





static deflection line of beam 



Fig. 3.7 Masses and static deflections 

(ii) The shear building. Multistorey buildings, where the assumption is made 
that the floor construction is rigid, and the mass of the beams and loads 
carried can be lumped at the floor levels. The mass of the columns is usually 
neglected. In this case horizontal deflections at the floor levels will normally 
be required (Fig. 3.8). 




Ws 

W 2 



(b) 




(c) 



An exact frequency analysis is much more laborious. 

When the distributed mass of the structure is not quite negligible, the “static 
deflection method” can still be used, with some modifications, compared 
with (3.24): 
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r L Wydx 

max SE of distributed mass (= PE) = / — - — 

Jo 2 



max KE of distributed load = 



f 

f 



My 2 dx 



' Mco 2 y 2 dx 



= co' 



L 



L W y 2 dx 
g 2 



(3.25) 



SE and KE for loads W are in (3.21) and (3.22), hence respectively 



\i Z w ‘* + \j„ “>' Ax =TX w,/ ‘ + hL *!*** 

f coy dx + W{yi 






/=- 

2n 



f coy 2 dx + E w iy 2 i 



(3.26) 

(3.27) 



The very practical formula now occurs throughout vibration literature in the 
symbolic forms: 



r w 1 


1 


' 19.65 ) 


< / 


= 


3.127 


(n\ 




. 157-7 J 




radius per s 
cycles per s 
cycles per s 



(3.28) 



3.2.4 Multi-Degree-of-Freedom System 



3.2.4. 1 Systems of Masses, Springs and Dashpots 

Consider the following equation grouping: 



m\X\ + C\X\ + £1X1 + C 2 (X\ — X2) + k 2 (x\ — X2) = P\ (t) 
ni2X2 + C 2 (X 2 — X\) + ^2(^2 — X\) + C 3 (X 2 ~ X3) 

+/c 3 (x 2 -x 3 ) = P 2 (t) 



' (a) 
>(b) 

J M 



m N x N + c N (x N — xn-\) + /'-',v(x,v — xn-i) = PnU) (3.29) 
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Changes due to the multi-degree-of-freedom system should be different from 
previous other degrees of freedom (see Fig. 3.9). 



*Mt) P 2 (t) 



P 3 (t) 



A 



Pn( t) 

X 



> K. 



M-| 




m 2 




m 3 





Mn 






vwv 




“\/W\ r 




7WV- 








K 2 




K 3 












\ 

\ 

\ 


m 




m 


l\ 

\ 

* 

\ 

\ 

! 

\ 

\ 

> 

* 

\ 

\ 


TxT 



► Xi 



-x 2 



Fig. 3.9 Multi-degree-of-freedom system 

These equations may be arranged in the matrix form: 
Mx + Cx + Kx = Pi(t)... = P(t) 

where 

'Mi 

mass matrix M = 



M 2 



all off-diagonal terms = 0 



damping matrix C = 



M a 



C\ C 2 —C 2 

— Cl C 2 + Cl —c 2 



— Cn Cn_ 



stiffness matrix K = 



k\ + k 2 —k 2 
-k 2 k 2 + ki —ki 






(3.30) 



diagonal type (3.31) 



(3.32) 






displacement vector x = < 



x N 



-kx . . . k]y J 

(3.33) 
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load vector P{t) = 



Pi{t) 



(3.34) 



For example, when all masses move in phase with each other 

x = X sin(cot + 4>) 

For a single degree of freedom Mx + Kx = 0, it is written as 

[K— co 2 M]X = 0 

The evaluation will be the determinant of [K — a> 2 M ] which is 

\K-co 2 M\ = 0 



(3.35) 



(3.36) 



(3.37) 



Because of the phase difference 4> N for all N masses, orthogonality for all 
normal modes of vibrations exists. The normalized mode shapes would be 
denoted by cj) N for N massed structures: 



(3.38) 





'K' 




' Xln ' 




4* 2n 


1 

; X 

p 1 max 


X 2n 


4>„ = < 


^3 n 


Xln > 




s 4* Nn , 




< Xnu j 



The free vibration may be written as 



\K<t> n -CD 2 n Mt n \ 
K<t> n ~ «> 2 n M< Pn = Qn 



(3.39) 

(3.40) 



where 



</>„ = the nth mode shape 

q n = the inertial force = co 2 n M(j) n 

K(j) n = stiffness equilibrium condition required when these forces 
are applied as loads on structures 
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3.2.4.2 Betti’s Law 

When the structure is subjected to alternate load systems, the work done by the 
first set of loads when moved through the displacements caused by the second 
set of loads is identical to the work done by the second set of loads when moved 
through the displacements caused by the first set of loads. Let us say for “ra” 
mode, the inertial force will be q m and the corresponding deflection accord- 
ing to Betti’s law 



4>mq n = (Plqm (3.41) 

Shape factors must be transposed in order to carry out the appropriate matrix 
product 



= ™ 2 m<t> T n M( t>m ( 3 - 42 ) 

or 

(m 2 n — a>l l )4>^ n M(j) n = 0 (3.43) 

3.2.4.3 If Any Two Frequencies Are Not Equal Orthogonality conditions 

f T m Mf n = 0 co m f co n (first orthogonality) (3.44) 

A second orthogonality condition by premultiplying (3.44) by f T m 

(3.45) 

Because of (3.44) conditions 

f T m Kf n =0 co m f co n (second orthogonality) (3.46) 

The two orthogonality conditions, (3.44) and (3.46), have important considera- 
tions when eigenvalue solution methods are adopted and dynamic response is 
evaluated. 

Standard eigenvalue 

The eigenvector of a matrix is the vector when premultiplied by the matrix that 
yields another vector which is proportional to the original vector. This constant 
of proportionality is called eigenvalue and is expressed as 



AX=Ax 



(3.47) 
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where A is the square matrix of order N and X is the eigenvector of order N. X is 
the corresponding eigenvalue where 

(A-XI)X=0 (3.48) 

/ is the identity matrix of the same order as A. In case of free vibration, the 
eigenvalue problem is represented by 

KX = XMX (3.49) 



in which X = co 2 . 

The eigenvalues are both real and positive and eigenvalues can similarly be 
obtained using the orthogonality given above. Just take for X m , X n (eigenvec- 
tors), the corresponding values X m and X n and equations are solved for 
X m 7 ^ X n , m 7 ^ n, etc. Hence 

_ Xj„KY m 
m Xj n MX m 

The mass orthonormalization for scaling will be 

= 1 (3.50) 

Superposition 

The basic eigenvectors of Mh order as in A^-dimensional space can be repre- 
sented by the superposition of N independent vectors also of order N. The 
superposition can be expressed as 

N 

d s = J2 x mW m (3.50a) 

m= 1 



where 



8 S = a vector of orderTV 
X m is as defined above and W m is a weighting factor 

8s = XW m 

N 

X=Y J *m 

m= 1 



(3.50b) 



The value of 
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fw m = (X) l S s (3.50c) 

_ l * — J 1 

Since X m vectors are independent, ( X ) must exist and can be equal to ( X ) . 
This mean the mode shapes obtained are also independent and are used in the 
representation of vectors 5 S . Hence 



S s = W x X x + W 2 X 2 + • • • + W N X N 

= 1 + tfimlXl H + ^mN^N 



(3.50d) 



W m is written as 



Xj n MX m 



(3.50e) 



Because <j>^ n M<j) m = 1, W m is given by 
W m = $MS s for m = 1, 2, 3, . . . , N 

Rayleigh quotient 

Let K , M and 5 S be the stiffness and mass matrices of order N and any arbitrary 
vector of order N. The scalar factor S& known as the Rayleigh quotient, is 
written as 



d T KS 
f b T Mb 

If 5 = <PW then 

N 

b T Mb = ( W) t <I> t M<I> W = yy ( W m f 

m= 1 



(3.50f) 



b T Kb = (W) T <P t K<PW 



(3.50g) 



N 

= {W) T AW=Y J l-m{W m ) 1 

m= 1 



where 0 is a set of normalized modes. 

The value of Sf is given by 

s Ai( ITi ) 2 + A 2 ( U>2 ) 2 + • • • + 

{W x f + {W 2 ) 2 + --- + {W N ) 2 (3.50h) 

W x < S f 
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When a set of arbitrary vector 8 are orthogonal to the first s — 1 eigenvectors 

5 T M(j) m = 0 m= 1,2, 1 (3.51) 

and when 6 is in expansion 

W m = 0 m = 1,2,... 1 (3.52) 

the arbitrary vector 5 used in obtaining or developing the expression for Sf, the 
eigenvectors were of approximate characteristics. The deviation from the true 
eigenvectors by s8 (s 2 , taken out) can be written as 

8 = c/) m -hs8 (3.53) 



where 

(j) m = /;?th eigenvector 

sS = contribution from all other eigenvectors to 8 



N 

3 = ^ ^ cc m (p m 

m = 1 

Numerator of the value of Sf 

5 t K 5 = (, tf m + ib T )K(4> m + cod) 
Using the orthogonality principle described above 

V m Md = (i b) T K<t> m = 0 ' 

V m K8 = (d) T M(j> m = 0 > 



then substituting into (3.55) 

8 K8 — T s 2 (^ot 2 A \ T oc 2 ^2 T * * * T 



Denominator of Sf 

5 t MS = 4> T m M4> m + e^MS + s(5) T M$ m + s 2 (S) T M5 
= 1 + e 2 (aj + <x\ H f4) 



(3.54) 



(3.55) 



(3.56) 



(3.57) 



(3.58) 
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Hence 



Sf — k m + £ 2 {o^(Ai — k m) + $2(^2 — ^m) + * * ' + a #(^iV — ^m)} (3.59) 



3.2.5 Dynamic Response of Mode Superposition 

Multi-degree-of-freedom system is described by 

Mx+Cx + Kx = F=P (3.60) 

As stated, mode superposition is based on the fact that the deflected shape of the 
structure may be expressed as a linear combination of all the modes: 

N 

X = <j) x X i + 02^2 + 03^3 + * * ' (3.61) 

/? = 1 

are the modal amplitudes varying with time. 

The motion of the ith mass is 

iXi = <Pi\X \ + (j)j 2X2 + ' • • + 4 >inXn + * * * + 

where 

4> in = displacement of the ith mode ofvibration 
Equation (3.61) may be written as 

x = FA 

where 0 is the modal matrix whose columns are the mode shapes so that 



0 = {0202 ( % > T ' ' ' T 0N } 



A is a vector of the modal amplitudes 

X t ={X u X 2 ,...X„,...,X n } 

They are always in generalized coordinates where x are natural coordinates. 

Modal analysis is a process of decomposition (3.60) using generalized coor- 
dinates so as to obtain a set of differential equations that are uncoupled, each 
of which may be analysed as a single degree of freedom. Substituting Eq. (3.61) 
into (3.60) gives 
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N N N 

M ^ + C ^ $nX n + = P (3-62) 

n= 1 n = 1 n = 1 



& n shape functions are independent of time. Premultiplying Eq. (3.62) by & m for 
the rath case of mode 

f *X n + £ C J2 (p " x " + < K it ^ = *rn p (3-63) 

n= 1 n= 1 n = 1 

The first term can be expanded to 

<P T " M<P\ X, + <P*"m<P 2 X 2 + ■ ■ ■ + <1>l" M‘P n X n + ■■■ (3.64) 

Referring to the first or orthogonality conditions every term in this series will be 
zero except for the case where n = ra 

N 

= <P m M<P m X m = M m X m (3.65) 

n= 1 

where M m is a generalized mass of the rath mode. The reasoning applies to the 
stiffness term 

N 

<t>nXn = 4% M4>mX m = K m Y m (3.66) 

n= 1 

where K m is the generalized stiffness. 

The generalized force Q m will be 

Qm=<P (3.67) 



Damping C is a problem 

Assume C is proportional to either M or K or a combination of both. The 
same effect of decomposition would be achieved 

N 

f m C / , 4*n-^n — 

(3.68) 

Transpose = T" 

The damping ratios in the N modes are written as £ l5 • • • , £n and the 

transformed damping matrix is written as 
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" 2 ^ 0)1 0 



Ctra — — 



0 2£ 2 <x> 2 



0 1 



0 0 ••• 2£ n cd n _ 



where 

CV^ = transformed damping matrix. 
Then 



c=^ r 'r i c TRA ^- 1 



(3.69) 



(3.70) 



The values of </> 1 (obtained from orthogonality condition) = <p J M\ 



(j) r 'M(j) = / 



Hence 



C = MQCtra&M 



(3.71) 



or 



c = m( 



\m=\ 



(3.72) 



Equation (3.60) can be written in the form 



M m X m + C m X m + K m X m — P m ] m — 1, 2, 3, . . . , N (3.73) 



When a system is assumed to possess proportional damping , the mode super- 
position method is used. The damping matrix would then be diagonalized by a 
normal coordinate system. Let the damping matrix C be written as 



C = a 0 M (3.74) 

where a 0 is a constant of proportionality. 

Pre-multiply Eq. (3.74) by (\) T m and post-multiply by </> m 

= «o Vm M § m = °> m y « (3-75) 



or 
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Cm 2c, m oj m (J) m C(j) m 

M(j) m = 2£ m a> m 
GCq = 2Q m 0J m 






« 0 

2 co m 



(3.76) 



(3.77) 



If it is decided to choose a stiffness proportional damping rather than a 
proportional damping , the damping matrix C can be written as 



C = aik 





(3.78) 


0m C( t>m = 2 ZmOm = «0 + «1 




(t>mC<t>n = 2 = «0 + <*1 ^ 


(3.79) 


A more generalized equation would be 




C = olqM + ot\K + oi2 M~ X KM 


(3.80) 



Damping that leads to satisfying (3.80) is the Rayleigh damping. 

Orthogonality condition is used 

4>^C(j) m = 2 £ m co m = a. 0 + cci(0 2 m + cc 2 co 4 m 

(j)l"C(j) n = 2 £„(/)„ = a 0 + ocico 2 n + cc 2 a> 4 (3.81) 

<gp' C<j> p = 2 t p (o p = a 0 + + oc 2 (o 4 

written in a matrix form and solving for them. 

Alternatively for obtaining an orthogonal damping matrix use 



load vector = < 



' p i(0' 

: > 

,Pn{t), 



(3.82) 



3.3 Examples of Dynamic Analysis of Building Frames and Their 
Elements Under Various Loadings and Boundary Conditions 

This section deals with solved examples of building frames and their elements 
subjected to dynamic loads. Examples selected are based on their day-to-day 
occurrence in various building problems. Readers are advised to also study 
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additional materials on dynamic analysis. These examples together with the 
dynamic analysis in Sect. 3.2 will hopefully pave the way to finally understand- 
ing and tackling earthquake problems. 



3.3.1 Example 3.1 

A beam of length L is subjected to a uniformly distributed load “ q ” as 
shown in Fig. 3.10. Assuming the vibration deflection curve is of the same 
form as the static deflection curve, determine the frequency for this beam 
when 




Fig. 3.10 A beam under uniform load 



(a) supports are simple 

(b) supports are fixed 



Take El as constant. 

Solution 

Beams with uniform load but with different boundary conditions. 



(a) 



d 2 d ax 2 qLx 

£, ^="=V-V 



Ejdb qx 3 qLx 2 

dx 6 4 

24 4 



A 
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when the boundary conditions are 

x = 0 8 = 0 B = 0 



x = L 8 = 0 A = 



qL? 

"24" 



qL 4 qL 4 

eis = o = 4 —-?— + al 



S = 



q 



24EI 

qL 5 



24 12 

(x 4 — 2 Lx 3 + L?x) 



L 



o MX 120EI 

L 



f=7T 



1 \ gqL 5 630 {24EI\ : 



2rc\ |l20£7 31L 9 \ q ) 



- L57 Vf 



<b> 



_ d 2 8 qx 2 qL 

EI^JtM A x + g 4-^ + A 

ax 6 4 



Boundary conditions: 



i e 

x = 0 = 0x4 = 0i? = 0<5 = 0 

dx 

d<5 „ 

x = L — = 0 

dx 

d(5 qL 2 qLx 2 

£/ d^ = M ' 4L + “6 4“ + ° 

0 = M, i + <£-<£„ r M i= lg 



5 = 



24EI 



[ Lrx 2 + x 4 — 2 Lx'} 
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co‘ 



2 



circular frequency 



<5 f 0 L 5dx 
lo^dx 



CO' 



2 _ 504 ELg 

~qL A 



f = natural frequency = — 



2n 




3.573 




3.3.2 Example 3.2 

A simply supported beam of weight qjm carries a central load W. Assuming that 
the vibration deflection curve is of the same form as the static deflection curve, 
determine deflection “<5” in terms of maximum deflection <5 max , load W and the 
inertia effects. Take El as constant. Find the total central load for the beam in 



Solution A simply supported beam subjected to UDL and a centrally concen- 
trated load: 



Fig. 3.10. 




Boundary conditions: 



x = 0 3 = 0 B i=0 
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Fig. 3.11 A beam under 
concentrated load and self- 
weight 



2 


W 


rrrrrrrT^rTTTT^ 


C q/m 




6 


6 max 


X 




L 

2 


l" 




L i 



When x = ; 



Hence 



L dS 1 9 

X= 2 dx = {) Al = l6 WL 



Sq = 5 max = 



-W fL 

\2 

WL 3 



WL 2 / L 
~JY V 2 



1 

Yl 



8 El 



48£/ 

WL 1 W,3 
12 



16 

r 2 



w 

48 El 



[3 L 2 x - 4x 3 ] 



^ = ^(3L 2 -4x 2 ) 

^max ^ 

3 = 5 max (3 L 2 - 4x 2 ) 
Kinetic energy due to element dx 

qdx v 2 qdx q 2 S 2 



2g 



2g 



Where v = 5. 

Total kinetic energy KE = 2 ^q 2 S 2 dx 

= q _l 17 
2 g ^ 

Inertia effect 

Total central load = W + ^qL= W' 

W' replaces W in the above analysis in order to compute “<5”. 
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3.3.3 Example 3.3 

Find the natural frequency of the beam/mass system lying in the plane as shown 
in Fig. 3.12, use the following data: 



Fig. 3.12 Beam/mass system 
in bending and torsion 





L 




Presented by www.pdfbooksfree.pk 



168 



3 Basic Structural Dynamics 



ei = \gj 
2 

5 = X sin cot 

Reference coordinates are © and 0. Use the flexibility method. 
Solution 

Bending + torsion: beam/mass system 
Equations of motion 



4M(5io/n + M<5 2 o/i2 = — <5io 
4MS 2 \ IO /21 +^^ 20/22 = —^20 



Displacement due to bending and torsion 
Flexibility coefficients 



f " = I 


m]ds f 

E, + J 


T\ds 

GJ 


L 

~6EI 


Fi2= I 


mlds f 

EI + J 


Tjds 

GJ 


2 L 
~6EI 


fn =fi\ 


f m\m\ t j 


r t { t 2 


J EI 




GJ 



3 El 






6L 3 

~EI 



T 3T 3 

= - [2(2L 2 ) + L 2 ] = — 

6EI 1 v y J 6EI 

S 10 = U] sin oj/ ^10 = coUi cos oj/ S i 0 = — co 2 Ui sin cot = — co 2 <5i 0 

^20 = ^2 sin ^20 = coX 2 cos cot <^0 = — co 2 X 2 sin oj/ = co 2 S 2 o 

All necessary values are substituted, the following determinant is obtained and 
is made equal to zero: 



(1 — 4Mco 2 f\\) 

24 



-Mao 2 f 22 

,24 



= 0 



—4 Mar /21 1 - Mco 2 f 22 

The solution of the determination yields 



!-^-y(K) 2 = 0 where K = 



K = 1.251 orO.163 



/1.251 £■/ 0.163 El , 

o>\ = \l — 7771 — ° r \l t 77 \ (rad/s) 



ML 3 



ML 3 
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/( lowest) = 



1 / 


0.163 El 


2n\] 


MLi 



3.3.4 Example 3.4 

A frame lying in a plane with a distributed mass of 1,500 kg/m is shown in 
Fig. 3.13. Using the flexibility method or otherwise, determine the natural 
frequency for this frame. Use the following data: 

E = 14 x 10 6 kN/m 2 




/ = 2,600 x 10“ 6 m 4 
G = 6.4 x 10 6 kN/m 2 
J = 1,800 x 10~ 6 m 4 
L = 4m 
3 = X sin co t 

El = 14 x 10 6 kN/m 2 x 2600 x 10“ 6 
GJ = 6.4 x 10 6 kN/m 2 x 1800 x 10“ 6 
Use the direct integration process. 

Solution 

A bent in-plane subject to a distributed mass. Different coordinate systems x 
and y apply: 
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m,mj 



ds + 



m 

GJ 



8 = —co 2 X sin cot 



Flexibility parameters 


Limits 


Mi = 1 x L 


0 <y<L 


m\ = 1 x L 


0 < x < L 


m 2 = 1 x L 


0 <y<L 


m 2 = 1 x L 


0 < x < L 


r, =\l 


0 < y < L 


Tx =\L 


0 < x < L 


T 2 =\L 


0 <y<L 


Ti=\L 


0 < x < L 



4GJ 2 

LdL 



Flexibility coefficients 

f "= 2 L L T, dL+2 L 

A " 2 jf E, 

f ' 1=h '=Yil L 

Equations of motion: 



L L 2 , 2L 3 L 3 

dL = 



3EI 6 GJ 



0.0021 

E 1 



+ 2 



l 



L L 2 , T 0.0014 

dL = 

4 GJ El 



1 ^+£jf " 



L 1 dL = 



0.0021 

El 



M\ ^io/n + M 2 £20/12 = — < 5 io 

^1 £lo/l2 + M 2 d 2 of 22 = -^20 

Substituting respective values, the following relations are established: 



(0.1029 w 2 - 1) 0.062 



w~ 



{£}=« 



0.1029 w 2 (0.041 w 2 - 1) 

Solving the determinant of the matrix X\ ^ 0, X 2 / 0 and making K — co 2 

- _ -0.1439 =t 0.1718 
- 0.0044 

co = 2.51 (the lowest rad /s) 

E = = 0.4H Z 

2tt 
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Plate 3.1 gives a suitable method of providing harmonic support motion of a 
beam. 



Plate 3.1 Harmonic support motion 

To represent a harmonic support motion of the beam shown in Fig. 3.15, 
assume 



u g = X sin Qt = X sin ficot (1) 

where = Q/co is the frequency ratio and X is vertical amplitude of the motion. 
Then, since k = Mco 2 , as is well known, 

- M 4> ii g = kp 2 (t>X sin fkot (2) 

Put (2) into the equation of motion, 

Mu + Cu + Ku = —M(j)u g = Kfi 2 (fix sin ficot (3) 

By identifying 

Po sin ficot = ( kfi 2 (fix) sin ficot (4) 

differential Eq. (3) may be noted as similar to that for harmonically forced 
motion. 




Fig. 3.15 Support motion of a beam 



Displacement of the Beam Mass 

The solution of (3) for the steady-state relative displacement u'(t) is therefore 



u\t) = yyF(t) \C\ sin ficot + C' 2 cos ficot] 



k 



(l — p 2 ) sin pcot — 2c/i cos jSco? 



(i - yf+mf 



( 5 ) 
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from which the maximum value may be written as 

«max=f^max = i9 2 ^F max (6) 

where 



^max — , 



(7) 



Consequently, the steady-state absolute displacement u a (t) of the beam mass is 
given by 



(1 -p 2 +4?p 2 ) sin Pcot-2^ 3 cos fat 
u a {t) = (pUg(t) + u(t) = ([>x - — ~ ~2 ; ( 8 ) 

(i - y) +{,m 2 



and its maximum value is found (after manipulation) to be 

nax = txF^yJ 1 + (2^) 2 



(9) 



For most practical values of £ and /? the square root factor is almost equal to 
unity. 

Equivalent Static Load on the Beam 

From the equation of motion of the beam mass, the equivalent static load is 



Pequiv = Mu a 



2t •' 

u H u 

co 



Pequiv = Ku J rCii = K 
Through the use of (8), (10) gives the following result: 

(l — ft 2 + 4£ 2 /? 2 ) sin / icot — 2£/J 2 cos fiat 



( 10 ) 

( 11 ) 



Pequiv = frkujt) = /r kcpX 



(l-/? 2 ) 2 + (2^) 2 



( 12 ) 



using (9), the maximum value can be achieved as 



Pequiv m ax = /? 2 k(f> 



V i+ ( 2 ^) 2 



(13) 



3.3.5 Example 3.5 

A single-bay two-storey frame is shown in Fig. 3.14. Derive equations of 
motion. 

For displacements Xi and x 2 , the tensions in the springs are 
P i = k\X\ and P 2 = k 2 [x 2 ~ *i) 
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M, 












\\\\\\\ 



\VAV\\ 



*1 



Fig. 3.14 (a) A two-storey frame, (b) Idealized mass/spring system 



The dynamic equilibrium equations are 



for mass 1 M x x x + P x - P 2 = 0 

for mass 1 M 2 x 2 + P 2 — 0 = 0 
Substituting for P x and P 2 gives 

for mass 1 M x x x + (k\ + k 2 ) x\ — k 2 x 2 = 0 

for mass 2 M 2 x 2 — k 2 x\ + k 2 x 2 = 0 

In general for a two-degree-of-freedom system 

M\X\ -\-k\\X\ + k\ 2 x 2 = 0 

(3.83) 

M 2 x 2 + k\ 2 x\ + k 22 x 2 = 0 

where k n , k X2 , k 2X and k 22 are the usual stiffness coefficients for the system. 
Look for solutions having the form x x =X x sin cot , x 2 =;X 2 sin cot; this implies 

x = —X x oo 2 sin cot, x 2 = —X 2 co 2 sin cot. 

Substituting in (3.83) for x x ,x 2 , x x andx 2 and cancelling cot throughout, 

Mi [—X x co 2 ) + k xx x x + k X2 x 2 = 0 

M 2 [—X 2 co 2 ) + k 2x x x + k 22 x 2 = 0 



or 



(k xx — M x co 2 )X x + k X2 x 2 = 0 
k 2X + X x + [k 22 — M 2 co 2 )X 2 = 0 



(3.84) 



Elimination X 2 /X x , 
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(k\\ — Mi co 2 ) (k 22 — M 2 co 2 ) — ^ 12^21 = 0 (3.85) 

This is a quadratic in co 2 whose two roots give the two natural circular 
frequencies. 

For each root, back substitution into either one of (3.84) gives X 2 /X \ , i.e. the 
mode shape. 

In matrix form, (3.84) may be written as 



(j K-Mco 2 )X= 0 



where 



K = 



~ku 
_k 2 1 



ki 2 ‘ 

k 2 2. 



(the stiffness matrix) 



Mi 0 

_ 0 M 2 



(the mass matrix) 



X = 



X\ 

X 2 



3.3.5.1 Modal Analysis of Two-Storey Frames Under Lateral Loads 

Plate 3.2 gives a complete analysis of such a frame under lateral loads F\ ( t ) and 
F 2 (t) using modal coordinates. Plate 3.3 indicates a complete modal analysis of 
forced vibrations of the two-storey frame subjected to two loads laterally 
applied, one is an applied load of a triangular pulse placed at the top floor 
and the other is F(t). The values are shown in Plate 3.3. 

Plate 3.2 Free undamped virations of a two degree of freedom system-first and 
second harmonic frequencies 



M 



L 


El 


2 M 


f 

El 


L 


El 




El 






*1 



*2 



(a) A frame 

Fig. 3.16 A two-story single-bay frame 
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Equations of Motion 



Mx + kx = 0 



' M 


0 


ici 


+ 


k 


—k 


X\ 


= 


"o' 


0 


2M 


_^2_ 




—k 


2k 


_ X 2_ 




0 



Trial Solution 



x(t) = x(A sin cot -h B cos cot) 

(A sin cot -h B cos cot) 



x\(t) 


X\ 


x 2 {t)_ 


_ X 2_ 



a) 



( 2 ) 



The Eigenvalue Problem 

By substituting (2) into (1), we obtain the necessary conditions for (2) to be a 
solution 



\k — co 2 M\ x = 0 



r(i -p) -i 1 


~X\~ 




'O' 


1 

cF 

7 


_X2_ 




.0. 



j8 = co 2 M/k 



(3) 

(4) 



Using nontrivial solutions to (3), i.e. solutions where the eigenvectors </> 7^ 0, 

\k - co 2 M\ = 0 (5) 

Equation (5) if the frequency equation from which the eigenvalues co 2 can be 
obtained 

2(1 — /?) 2 — 1 = 0 or 2/? 2 -4/3+ 1 = 0 ->• PT^V2 (6) 



Pi = 0.2929, p 2 = 1.7071 



Natural Circular Frequencies and Natural Periods 

First harmonic 



Second harmonic 



co\\/~P\kfM , Ti= — 

CO 1 

coi^k/M, T 2 — — 



(7) 



( 8 ) 

( 9 ) 
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Natural Modes for Free, Undamped Vibrations 

1 . Fundamental (first harmonic) 

Pi = 0.2929in (3), after normalisation and solve x\\ = 1, X 21 = 0.7071 (10) 



2. Second Mode (second harmonic) 

P 2 = 1.7071 in (3), after normalisation and as in firstcase solve x\ 2 = 1, 

*22 = 0.7071 



( 11 ) 



*11 = 1 



X 10 - 1 




Modal Matrix 

The two natural modes may be displayed as the two columns of the modal matrix 



x = 



*11 


Xw 




1 


1 


_X 2 1 


x 22 _ 




0.7071 


-0.7071 _ 



( 12 ) 



General Solution for Free, Undamped Vibrations 

Two different solutions, Eq. (2), have been obtained. Their sum therefore gives 
the general solution 



MO 




xn 


MO. 




_X 2 1_ 



(A 1 sin oo\t -\- B\ cos co\ t) 



x\\ 

x 2 \ 



(A 2 sin co 2 t + B 2 cos co 2 t) 



using Eq. (13) can also be written as x(t) = <j)[D\{t)A + D 2 (t)B\ 



Xi (t) 

MO. 



Xu X\2 
IX21 x 22 J L 



sincoi/ 1 0 
0 smco 2 t 



A 1 

A 2 ] 



COSCOi^ 0 



0 



COSCO 2 U [b 2 



B\ 



Free, Undamped Vibrations Based on Imposed Initial Conditions 

The initial conditions be taken as 



(13) 



(14) 



x\ (t = 0) = xio, 



( 15 ) 
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x 2 {t = 0) = x 2 o 
x(t = 0) = iio, 

x 2 {t = 0) = x 2 q . 

Upon substitution into (13) or (14), these condtions give 



x(t)=xD\(t)co l x l uo + xD 2 (t)x l uo 
xn x\2~\ [sincoi^ 0 
X 21 x 22 \ L 0 sinco 2 A 



(16) 

(17) 

(18) 



x 2 (t) 



■ 


CDi 


O' 


1 


_ 


0 


_L 

0)2- 


*11 *22 -*12*21 



" X 22 *12 ~ 




~u 10 " 


1 

1 

X 

to 




_^20_ 



(19) 



'xn 


*12 


"COSCOit 


0 " 


1 


*22 


— *12 


"* 10 " 


_*21 


* 22 . 


0 


COSC 02 A 


X\\X22-X\2X2\ 


*21 


x\\ _ 


_*20_ 



It is necessary to use modal coordinates. 

Plate 3.3 Motion expressed modal coordinates 



Fi(t) 



M 



F 2 (t) 



► 

El 


El 


► X-| 

L 




2M 




► 




► x 2 , 


El 


El 


L 



WV\\V\ 



DATA 



M — 80 tonne 

k = 24 El/ L 3 = 30 x 10 6 N/m 

Natural Circular Frequencies, using previous methods 

o)i = 10.480217 rad/s 
c »2 = 25.301483 rad/s 



Modal matrix </> 
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Equations of Motion 



Mx Cx H - Kx — E(r) 



'M 0 ' 


~Xi~ 


+ 


'Cn 


c 12 




+ 


' K 


-K' 


~X\~ 






. 0 2 M_ 


_ x 2 _ 




. C 21 


C 22 . 


_* 2 _ 




_-K 


2K 


_* 2 _ 




.Flit). 



Equations of Motion in Modal Coordinates with Classical Damping 

Equation (1) can be transformed into the Modal equations 



<p T M(j)'q + <fi T C<pq + <p T K<pq = (j) T F(t) 
where T" is transpose 

( 2 ) 



'M x 


0 ' 


~h~ 


+ 


■0 


0 ■ 




+ 


-K 1 


0 ' 


A\~ 





-Fxity 


_ 0 


m 2 _ 


-h- 




. 0 


Cl. 


Ai- 




. 0 


K\. 


A2. 




-F 2 (t). 



rriff 

With the assumption of classical damping, the matrix </> C</> becomes diagonal 

and (2) becomes uncoupled, i.e. the first equation involves the modal coordinate 
qx only while the second equation likewise involves only q 2 . Each equation 
therefore represents a different (generalized) single-degree-of-freedom system. 

Generalized or Modal Masses 

M l =Y,M i (4> a ) 2 (3a) 

M 2 = Y J M i {<t> a ) 2 (3b) 

Generalized or Modal Classical Damping Coefficients 

Ci = 2C]0)\ M\ (4a) 

C 2 = 2c 2 oj 2 M 2 (4b) 



Generalized or Modal Stiffnesses 



K\ = (o]M\ 



K 2 = oj\M 2 



Generalized or Modal Loads 



p 2 (0 = 57 QnPM 



(5a) 

(5b) 



(6a) 

(6b) 
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3.3.6 Example 3.6 

A rigidly jointed two-bay two-storey frame with relative masses at two 
floor levels is shown in Fig. 3.17. Assuming the horizontal members are infinitely 



Fig. 3.17 A two-bay two- 
storey frame 




stiff in comparison with the vertical members, determine two frequencies and 
their corresponding periods for this frame. Use the following data: 

EI= 1.50 x 10 6 Nm 2 M= 10 5 kg 
3 = (A sin cot + i?cos cot) ■ D 

where 

3 = displacement of the frame 
cd = circular frequency 

D = column matrix for the deflected shape of the frame 
A, B = constants 

Referring to Fig. 3.17, it follows that 

8 = —co 2 S 

[[£] - Mco 2 ]S = 0 



k\\ = 



2 x \2EI 2 x \2E{2t) UEI 



(5f 



- + 



(5f 



(5f 



= 0.672£7 



2x12 El 2 x 12EI 

k \2 ^21 7 _n 3 ^12 ^21 3 



(5) J 



(5) J 



= —0.192EI 



k 2 2 = 2 ( -——I- ] = +0.192£7 

V(5)V 
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Fig. 3.18 Motion of vertical 
members 




[*] 



" +0.672 -0.192" 
k\\ k\2 

— 0. 192 +0.192 

. kl\ IC2 2 . 



[k — Mai 1 } — > the determinant of this matrix 



M 0 " 
0 3 M 



= 0 



El 



K\\ — M\a? E\2 

l\\ A'' — \ /'( 'Y 



'0.672 - 1 0 5 co 2 
— 0. 192 



— 0. 192 

0.192- 1.5 x 10W 



El 



0.672 - 10W 
-0.192 



-0.192 

0.192- 1.5 x 10 5 co 2 



EI=0 



a> 2 = B 

m 4 -29.6co 2 + 25.15 = 0 
(5)2 — 29.65 + 25. 1 5 = 0 
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B — > co 2 — » 

A =°^= 0.332 Hz 
2n 

f 2 =^ = 1.185 Z/z 
y 2 tt 

7, = = 3.0125 

/ 1 

T 2 = 2 = 0.8445 
J2 



3.3.7 Example 3.7 

A single-bay single-storey frame with different leg heights is shown in Fig. 3.19, 
determine frequency and acceleration. Take x = D sin cot where x = displace- 
ments = 3; take El = 2 x 10 6 Nm 2 



k total — kAB + kcD 

, 12EI 12 x 2 x 10 6 Nm 2 

k A B = 



kcD = 



(4f 

\2E1 

w 



(4) 



■ = 375000 



12 x 2 x 10 6 lT 2 192,000 

Nm = l 

567,000 



(5) 3 

= 567, 000 A/m 
k = N/m —> kg as meas 



co 



kj 

m 



/567,000 N/m 



2,000 kg 



= 16.84 rad/s 
2n 

16.84 
1 



_ 2tl 
T = — 
co 

1 



= 0.373s 



* T 0.373 



F = 



6EI/L 1 

TJi 



= 2.68 Hz 
12EI 

~7T 
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Fig. 3.19 Single frame with 
different heights of legs 



B 1 unit 



C 1 unit 



© 



4m 



5m 



A 









D 



\\\\\\v 



F 



L 




6EI 

L 2 



When 



12 El 




L 3 

12 El 



D = \/ A 1 + B 2 = 20 mm = 0.02m 
x = D sin cot 
- 0.02 sin cot 
= 0.2 sin 16.84^ 

^ = x = 0.2x 16.84 cos 16.841 
dt 

= 3.368 cos 16. 84^ 



-—it = x = —3.368 x 16.84 sin 16. 84^ 
dt 2 

= —56.7 sin 16.84/ 



3.3.8 Example 3.8 



A typical rigidly jointed frame is shown in Fig. 3.20. The beam BCEG is assumed 
to be infinitely stiff. Assuming the frame is vibrating in a horizontal direction 
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Total 5 x 1 0 4 kg 




Fig. 3.20 A four-legged frame 

determine the natural frequency for this frame. Take 

d = X sin cot 
E = 200 x 10 6 kN/m 2 
I = 0.04m 4 

Solution 

A four-legged rigidly jointed frame: 

K— Zk = XkAB + ZkcD + ZkEF + EkcH 

12ET37) 12E(2I) 12EI 12 El 

(6) 3 (5) 3 (4) 3 (3) 3 

= 0.9905 El 

= 0.9905 x 200 x 10 6 x 0.04 
= 784.8722 x 10 6 
3 = X sin cot 
3 = — co 2 X sin cot = co 2 3 
M3 + k3 = 0 

Substituting the values of 3,3 and M , the above equation becomes 

—Moo 2 3 + kd = 0 

{—Moo 2 + £)<5 = 0 
-Moo 2 + K = 0 



CO = 



/ 784.8722 x 10 6 ] 
" V l 50000 J 



= 0.036 x 10 3 



co 



/= — = 5.73H Z 
^ 2tt 
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3.3.9 Example 3.9 



Figure 3.21 shows a multistorey frame with masses and second movement of 
areas (circled). With the indicated modes of vibration and the displacement 
5 = (A sin - B cos cot), determine natural frequencies and periods. Take 
E = 200G7V/m 2 ; /= 0.01m 4 . Reference coordinates are © and © as shown in 
the figure. 

Solution 

Multistorey frame 
Stiffness coefficients: 



l (4.5)= J 



12EI 



(4-5j 



ku = 



-12EI 



(4.5) 



c 




M - 1 = 1 0 2 kg/m 




n 








1 


(§) 






© 
















m 2 


= 10 2 kg/m 




B 


© 


(31) 


H 

© 




E 


A 






G 




F 


\\V 




3.5m \\V 


s\\\ 


3.5m Y\V 


>\\\ 



© 



4.5m 



4.5m 



(a) 



Fig. 3.21 A two-bay two-storey frame 



, (\2E(2I)\ 144 £7 

22 V ( 4 - 5 ) 3 / 



kn = fei 

5 = A cos cot — Boo sin cot 

<5 = —Ago 2 sin cot — Boo 2 cos cot = 



(b) 



-co 2 d 



Therefore, 



£ = 



4 * ^21 
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Substituting various values in the equation of motion 

Mb + kb = 0 
M{—co 2 b) + kb = 0 



or 



k5 -co 2 MS = 0 
k - Mco 2 = 0 



The determinant of which is given below: 



kn — co 2 M\ kn 

k2\ k22 — co 2 M2 



1.6 x 10 6 — 7 x 10 3 co 2 -1.6 x 10 6 

-1.6 x 10 6 3.2 x 10 6 - 14 x 1 0 3 co 2 

98co 4 - 44.8 x 10 3 co 2 + 2.56 x 10 6 = 0 
or = k 

k = 396 or 67 
co\ = 19.75 0)2 = 8.186 rad/s 

A =^ = 3.142H Z f 2 = 1.3Hz 
271 

Ti = -f = 0.318s T 2 = ]r = 0.77s 
A h 



3.3.10 Example 3.10 

A single-bay three-storey building with data given below is subjected to a 
horizontal dynamic load shown in Fig. 3.22. Calculate displacement at three 
levels as a multi-degree-of-freedom system. 
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Fig. 3.22 A frame of a 

multi-degree-of-freedom 

system 




Data 



(/) = 



1 i i \ 

0.533 -1.51 -3.2 

\ 0.155 -1.24 4.5 



m 



co 



2.0 \ 

13.10 I rad/s 
35.26 / 



M = 



25 0 0 

0 25 0 I x 10 4 kg 

0 0 25 



Equations of motion in matrix form 



Mx + Kx = P(t) 

This equation is coupled due to the stiffness matrix. To uncouple equations, use 
an orthogonality relationship 

^ r M0 ; = 0 

If i = j — > co\ = coj 

<j)J MQj = L\ (say a constant) 

L\ = (j) T x M(j) x 
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/ 25, 000 


0 


° \ 


( 1 \ 


(1, 0.533, 0.155) 


0 


25,000 


° 


0.533 




l o 


0 


25, 000 ) 


\ 0. 1 55 / 



i 



=(25,000, 13,325, 38,75) 



0.533 
\ 0.155, 

= 32,702.35 Lx = 180.84 kg 1/2 m 

L\ = 2 

25, 000 0 0 

= (1 - 1.51 - 1.24) 0 25,000 0 

0 0 25,000 

( 1 \ 

= (25,000 - 37,250 - 31,000) -1.51 

\ -1.24/ 

= 120,442.5 => L 2 = 347.048kg 1/2 m 
L 2 - (frjMfc 






/ 25, 000 


0 


° \ 


/ 1.0 \ 


(1.0 - 3.2, 4.5) 


0 


25,000 


° 


-3.2 




V o 


0 


25,000 / 


l 4.5 / 



= (25,000 - 80,000, 112,500) 



1.0 

-3.2 

4.5 



= 787, 250 =>■ L 3 = 897.27kg 1/2 m 
The following can now be written: 



which gives 



z . = h 

‘ ^ 



Z jM Zi = ^= 1 
L \ 



and 



z\ M Zj = 0 
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/ 5.53 



M — = 0 





/0n 

r u 


021 

Li 


031 

^3 


z = 


0 12 
^1 


022 

Li 


032 

^3 




L 013 
\ L\ 


023 

^2 


033 

^3 


2.88 


1.127 


\ 




-4.35 


-3.60 


X 


10 


-3.573 


5.071 


/ 
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m 



kg 1//2 m 



= kg* 1 /2 



From the equation of motion 



K = Mco z 



Hence z T " Kz = z T " Mzco 2 . As z T " Mz = 1, then 

z v 'Kz = Io? 

where T" is transpose. 

At this stage, it is necessary to uncouple the equation of motion by introdu- 
cing a check of coordinates by writing 

x = zq 

x = z ■ q 



x = z • q 
Mx — Kx = Pt 



« 



Mzq — Kzq = 

Pre-multiplying by z T " the result is 

q — co 2 q = z T P ( f ) 



/ 20 



co = 



0 



0 \ 



0 13.10 0 

\ 0 0 35.26 / 



rad/s 



^w = 



20 ' 

0 |sin0.3r(kN) 

\0 
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5.53 


2.95 


0.857 \ 


/ 20 s 


z Tp «) = 


2.88 


-4.35 


-3.573 


0 




1.127 


-3.60 


5.071 / 




1 10.6 \ 










57.6 


sin0.3T(z[kg 


1/2 ]10 _3 P[iV]10“ ; 


22.54 / 











/ms 



The set of uncoupled equations: 




/ 2.0 


0 


0 j 


( q\ 


0 


13.10 


0 


q 2 


l o 


0 


35.26 J 


\<?3 



/ 1 10.6 \ 

57.6 sin0.3T 
V 22.54/ 



This is a set of three SDOF equations subjected to undamped Po sin coT motion 
and particular integral solution is given by 

q\ ft) = — sin cot 
mcof 

q\(t) = — — — r^sinOJf = 1106 sin OAt x 10 _3 kg^ 2 m 
4.U. X Z. j X 1U 

q - (,) = 171.69 x^Sx W 51110 ' 3 ' = 134sin °' A ‘ X 10 ^ k 8‘ /2 "' 
q > (,) = 1243,36 2 *:V W 5 "' 0 - 3 ' = 7 - 25s “'°- 3 ' x 19 -7 kg ,/2 m 



Now Xi = z ■ q t 



X](t) \ 
*2(0 
1 * 3 ( 0 / 



5.53 2.88 

2.95 -4.35 

\0.857 -3.573 
/ 1.106 



x 10 



- 3 



0.0134 
\ 0.000725 



1.127 \ 
-3.60 
5.079 / 



sin 0.3/ x 10 3 (m) 
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*i(/) = 6.115sin0.3/ x 10 6 m 

(maximum displacement when sin 0.3/ = 1) 
x 2 (t) = 3.20 sin 0.3/ x 10 _6 m 

maximum displacement when 0.3/ = — J 

X 3 (/) = 0.923 sin 0.3/ x 10 -6 m 

(maximum displacement when / = m x 5.23s) 
xi max = 6.115 x 10 6 m 
X 2 max = 3.20 x 10 6 m 
x 3 max = 0.923 x 10 6 m 



3.3.11 Example 3.11 

A single-bay four-storey building frame with data is shown in Fig. 3.23. Calculate 
frequencies and modes of this frame with a multi-degree-of-freedom system. 

Data 



Stiffness matrix = 



Flexibility matrix = 



1 


- 1 


0 


0 \ 


-1 


2 


-1 


0 


0 


-1 


2 


-l 


0 


0 


-1 


2 / 


(4 3 


2 






3 3 


2 1 




10 6 (m 


2 2 


2 1 


X 



x 10 9 N/m 



\i i i i/ 



Fig. 3.23 A single-bay four- 
storey building frame of a 
multi-degree-of-freedom 
system 



1 x 1 0 9 N/m 



M v = 10 4 kg 



1 x 1 0 9 N/m 



M z . = 2x 10 4 kg 



1 x 1 0 9 N/m 



M 3 . = 3 x 1 0 4 kg 



1 x 1 0 9 N/m 



M 4 . = 4x 10 4 kg 
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M = 



H = F x M = 



/! 


0 


0 


°\ 


0 


2 


0 


0 


0 


0 


3 


0 


\o 


0 


0 


4/ 


l 4 


6 


6 


4 \ 


3 


6 


6 


4 


2 


4 


6 


4 


\1 


2 


3 


4/ 



x \0 4 kg 



x 10 5 m 2 



(a) Stodola method 
Based on equation of motion 

FMX 

CD 2 

the initial mode shape is 

n 

i 
i 

\i/ 

Hence 

Fx\ =HX° l 

CD 1 



*? = 



But 1 / co 2 is unknown, hence 



-^1 = 1 
CO 2 



Thus, it follows that 









n 




n 


A 


n 


x\ 


1 


20 


1 


96.5 


1 


15.98 


1 


15.90 


1 


1 


19 


0.95 


15.5 


0.939 


14.98 


0.937 


14.90 


0.937 


1 


16 


0.8 


12.6 


0.764 


12.11 


0.758 


12.03 


0.757 


1 


10 


0.5 


7.3 


0.442 


6.938 


0.434 


6.884 


0.433 
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Hence, the first mode shape is 



1 \ 

0.937 

0.757 

0.433/ 



and 



2 *11 1 

— 1_L — — 

1 X* n 10- 5 X 15.9 



= 6,239.3 



Therefore, 



oj] = 79.3 rad/s 



for the second mode shape. 

(i) Calculate sweeping matrix 



Q 1=1- <h 



<j) T x M 



or for higher modes 



1 

Mi 






Mi = 4>\M(f> x 



Qm = Q 



m—n 



~4>m 






Ml = (10 0.937, 0.757, 0.433) 



(l 0 
0 2 
0 0 
\0 0 



0 0\ 
0 0 
3 0 
0 4/ 



(1.0 \ 
0.937 
0.757 
0.433/ 



= 5.226 x 10 4 kg 
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10 \ 

0.937 

0.757 
V 0 . 433 / 

/ io 

0.937 
0.757 
V 0.433 



( 10 , 0 . 937 , 0 . 757 , 0 . 433 ) 



/! 

0 



0 0 

Vo o 



0 0 \ 
0 0 
3 0 



1.874 

1.756 

1.418 

0.812 



2.271 

2.123 

1.719 

0.984 



1 .732 ^ 
1.624 
1.312 
0.748 / 



0 4 / 

x 10 4 Kg/m 2 



Q i = 



0.808 - 0.358 - 0.434 — 0.331 \ 
- 0.279 0.664 - 0.407 - 0.311 

- 0.145 - 0.279 0.671 0.259 

- 0.083 - 0.155 - 0.188 0 . 357 / 



(ii) Calculate matrix H 2 (which eliminates contribution of first mode from 
the assumed initial shape of the second mode X\ which converges to a true 
shape) 



For higher shapes 



H 2 = Hi Q n 



H n+ \ = H\Q n 



H , = 



/ 4 

3 

2 

M 



6 

4 

2 



4 \ 

4 

4 

4 / 



- 0.454 

- 0.407 

0.679 

- 0.188 



/ 0.808 - 0.358 

- 0.179 0.664 

- 0.145 - 0.279 

- 0.083 - 0.155 

/ 0.965 0.306 - 0.904 — 1.268 \ 

0.143 0.664 - 0.47 - 0.932 

- 0.302 - 0.306 0.778 0.016 

V - 0.317 - 0.463 0.013 1 . 722 / 

(iii) Now determine second mode shape as before 



- 0.339 \ 
- 0.311 
- 0.251 
0 . 857 / 



x 10 



-5 



*2 



1 \ 

1 

-1 

V-1 / 



x\ =H 2 xX ° 2 
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*2 


x \ 


x \ 


*2 


*2 


*2 


^2 


X * 


A 


*2 


^2 


1 


3.443 


1 


2.455 


1 


2.42 


1.0 


2.427 


1 


2.437 


1 


1 


2.219 


0.644 


1.451 


0.591 


1.415 


0.585 


1.423 


0.586 


1.432 


0.587 


-1 


-1.402 


-0.407 


-0.327 


-0.336 


-0.756 


-0.312 


-0.736 


-0.303 


-0.729 


-0.299 


-1 


-2.515 


-0.730 


-1.877 


-0.765 


-1.912 


-0.790 


-1.952 


-0.804 


-1.926 


-0.811 



1 \ 

0.587 

-0.299 

-0.811 



co 



2 

2 



n 



1(H X 2,437 ^ = 20156 rad/s 



(b) Holzer method 
Evaluate second mode shape: 

(i) co 2 assumed = 200 rad/s, co 2 = 40, 000 

(ii) Displacement of m x is taken as unity (i.e. X\ = 1). Thus, new displace- 
ment of the next pass in the chain, M 2 , is 



X 2 =X x - co 



now with mass 



2 M\X\ 
k 2 

2 m-n 



X m — X m _ n ^ ^ X , 



r= 1 



Take co 2 = 200 ( co\ = 40, 000). Then it follows that 



Level 




M r X r 


E M r x r 


^E M r X r 


1 


1 


10 4 


10 4 


0.4 


2 


0.6 


12 x 10 4 


22 x 10 4 


0.88 


3 


-0.28 


-8,400 


13,600 


0.544 


4 


-0.824 


-32,960 


-19,360 


-0.774 


5 


0.05 mm 


OK 






Displacement at level 5 should be 0 at next iteration. Thus 


Level 


X 


M r X r 


E M r X r 


gE M r X r 


1 


1 


10 4 


10 4 


0.41 


2 


0.589 


1.178 x 10 4 


21780 


0.893 


3 


-0.30 


-9000 


12780 


0.524 


4 


-0.824 


-32974.8 


-20194.8 


-0.828 


5 


—0.0046 mm 
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Both Stodola and Holzer’s iterations converge to the same second mode shape: 

l 1 ) 

0.589 

4 > 2 

- 0.3 
-0.824 

co = 202.56 rad/s 



Fig. 3.24 Diagram for 
interpolation 




202.56 



0.00046 



We can interpolate to get better approximation for co (see Fig. 3.24): 

co = 202.34 rad/s 

Section 3.3.12 gives analysis for the numerical methods used in the classical 
dynamic analysis. 



3.3.12 Generalized Numerical Methods in Structural Dynamics 

3.3.12.1 A Method of Continuous Distribution of Mass 

Static law p — t) 



Kinematic Law 



k(x, t) = — 



dx 2 



u(x, t ) 



M(x, t ) =EI{\ t) 



(3.86) 
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r^lW — i 



ay = Ece 
o = E (e + ce) 



d 2 f f d 2 u d 2 u \ \ d 2 u 

W 2 \ EI W + c ^a,)) + "'^ =l ’ 



= - 



dt 2 

_ T d 2 u d 3 u 

E W- + cE, dx 2 dt 






r^ r d 2 u d 3 u 

EI d. & + cE dx 1 dt 



(3.87) 

(3.88) 

(3.89) 



3.3.12.2 Free Vibrations of Prismatic Beams P = 0 El = const. 



_ r d 4 u d 5 u d 2 u 

Ei _ + dEi __ +m _ = 0 



(3.90) 
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Assume w(x, t ) = cj)(x)q(t) [u(t) = <&q(t)\ 

EP v (x)q(t) + dEI(j) lv (x)q(t) + mcj)(x)q\t ) = 0 constant for all x and t 



fW 



mq(t) 
EI(q + cq) 



i.e./(x) =g(t) 



(3.91) 



Therefore, 

Hf= g = a 4 ( a constant) (3.92) 

Two ODEs are thereby obtained: 

ODE 1 in t 



mq(t) _ + ( c EIa 4 )q + ( EIa 4 )q = 0 

EI(q + eq) 



(3.93) 



Solution: 



4(0 = 



_ „-&t 



#(0) + #(0)£co . 

- sin co D t + g(0) cos co D t 



a>D 



cd = cov 1 — c mco = Ela 



ODE 2 in x 



Solution: 



r 4 . n 

T =a w~ a(t> = 0 



(3.94) 

(3.95) 

(3.96) 



</>(x) = v4i sinh ax + A^ cosh ax + A 3 sin ax + ^4 cos ax (3.97) 

yf ! depends on end fixing of beam. 

Plate 3.4 Numerical Integration of The Equation of Motion: The Newmark 
Method 



Fig. 3.26 Newmark method 




Consider the variation of acceleration u (t) in the interval t n < t < t n+ \. Suppose 
that the u*(t) initial values u(t = t n ) = u n are known and the aim is to advance 
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the solution to t n+ 1 . Let u(t) = u n + f(t) (3.97a) where f(t) = {/(t)} is a vector of 
approximating functions f , one for each degree of freedom i. Integrate (1) twice 



u(t)=b + u n t + J f(t)df 


(3.98) 


u(t) = a + bt + ^ + J J f{t)dtdt 


(3.99) 



At t = t n , the known velocities and displacements are ii(t n ) = u n , u{t n ) = u n . Use 
these to eliminate arbitrary constant vectors a and b and write (3.98) and (3.99) 
at time t n+ 1 . 



/ tn+l 

f{t)dt (3.100) 

| 'hn+ 1 rt n + 1 

^»+i = H~ u n {t n + 1 t w ) J J f(t)dtdt (3.101) 

In these equations, A? = (t„+i - t„) is the selected time-step. 

At the end of the time interval, it happens that fi{t n ) =0 and 
fi(t n + 1 ) = Ui, n + 1 — u^n, but within the interval the approximating functions 
/are otherwise arbitrary. For each such / it may easily be written as 




f{t)dtdt = Bi(iij :ri +\ — u i]n )At 2 




(3.102) 

(3.103) 



in which the constants a,(0 < a* < 1) and /?,( 0 < < 1) depend only on the 

form of the /. 

Assuming that the form of the functions / is the same for all degrees of 
freedom /, then the parameters and y z reduce to two values, /? and y. This 
simplification, (3.100), (3.101), (3.102) and (3.103) can be 
written as: 



u n+ 1 =u n + ( 1 - P)ii n At + j8ii„+iAr (3.104) 



^«+i 



+ u n At + (- 



P)u n At 2 + ftu n+ \At 2 



(3.105) 



These are the basic equations of the Newmark method, and the choice of the 
parameters B , j8, At significantly influences the numerical stability and accuracy 
of the method. 
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From Eq. (3.105) the incremental acceleration vector is obtained: 

Am = u n+ 1 -u n = [m„ + i _ - u n] - j£- t u n - Jpiin (3.106) 

Now substitute Eq. (3.106) to Eq. (3.104) gives the incremental velocity 
vector: 



A.U Myi 



y 

fiAt 



\Un + 1 U n \ 



j;U n + ( 1 — 




(3.107) 



At times t n+i and t n , the equations of motion may be written as: 



mu n + 1 + cu n+ 1 + ku n+ 1 — 



(3.108) 



+ cu n + ku n = p n (3.109) 

Subtracting Eqs. (3.108) and (3.109) the equations of motion in incremental 
form can be written as 

mAu + cAii + kAu = A/7 (3.110) 

When Eqs (3.106) and (3.107) are substituted into (3.108) gives the incremental 
displacements: 



1 y 

-—zm + —-c 
a At 2 a A t 



A u - Ap+ 



i y 

——m H — c 
aA t a 



u u ~\- 



2a 



-m 




u n (3.111) 



Algorithm 

For a structure having N degrees of freedom, choose the time step At = 0.17V, 
where E N is the shortest natural period. Choose the parameters a = 0.25 
(constant average acceleration) and /? = 0.5 (no algorithmic damping). 



Plate No. 3.5 Eigenvalue analysis by inverse matrix iteration 



In structural dynamics, the ith natural circular frequency coj and natural mode 
4>i must satisfy 

k (fit = (3.1 12) 

Let s be a constant called the shift. Then, subtracting sm(/) i from both sides of 
Eq. (1) gives 

[k — sm\4> i - (co^ - ^)m </>,• (3.113) 

The modified stiffness matrix retains the same eigenvectors </>, but shifts all the 
eigenvalues co ? by the same amount s. 
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Introduce the ftth iterates 2^ and as approximations to co ? and then 
Eq. (3.1 13) may be rewritten as a recurrence relation: 



and 



(«+i) 



x r 



Let Eq. (3.114) becomes 



f +1) - j) xj" +1) = mx| n) 


(3.114) 


y,- n) = ntx|' !) 


(3.115) 


= (4” +1) -^) _1 x(” +1) 


(3.116) 


- 


(3.117) 






and the iteration can be commenced from any trial vector y) 

To solve Eq. (3.117) without matrix inversion , first that the symmetric matrix 
can be factorized as 



[LDL t ]x|" + 1) = y| n) 



(3.118) 



Gaussian elimination will reduce Eq. (3.118) to 

L t x 



\T^(»+1) _ 



(3.119) 

The pivots of the elimination process form the diagonal matrix D, and L T is an 
upper triangular matrix whose leading diagonal contains only unit elements. 
Eq. (3.119) can therefore be solved by a simple and accurate back substitution 
to obtain x[” +1 \ Hence 



y i — A ? 

and multiply the resulting vector by a suitable normalizing constant: 

(«+!) _ (w+1) ^(«+l) 

y i •/ t y i 



(3.120) 



(3.121) 



Go back to the right-hand side of Eq. (3.118) and iterate until convergence is 
achieved in the y z . 

An improved estimate of the eigenvalue may be obtained by pre-multiplying 
both sides of Eq. (3.113) by 0^- Thus follows the Rayleigh quotient for co? — s, 
and from Eqs. (3.117) and (3.119) 



,(»+i)r n 



^ n+i x s= x r I k - ®K 



(«+l) 



x 



(«+i)r n 



smx 



^(«+ 1 ) 



(«+l)T («+l) 

x- ; mx ; 



_(„ + i)T_(„ + i) 



y( w+1 )T («) 

A / y j 

(«+i) T («+i) 

A / Ji 



(3.122) 



An improved estimate of the eigenvector is then produced by normalizing the 
solution of Eq. (3.119): 



v («+!) _ n (»+0 
A / — Pi A / 



(3.123) 



Presented by www.pdfbooksfree.pk 



3.3 Examples of Dynamic Analysis of Building Frames and Their Elements 



201 



It can be shown that if s is made a sufficiently close estimate of the ith eigenvalue 
then the process will converge on the ith eigenpair, i.e. as n — > oc, so 

x-^ — > <fi i and ^ — > coj. 

Use of the factorization Eq. (3.118) can provide the necessary initial estimate 
of the eigenvalues. 

Plate 3.6 Undamped free vibrations of a three-storey rigid frame 

Data: 




mode 2 
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where E = dynamic value of Young’s modulus, 

/ = relevant second moment of area, 

L = distance between centres of floor levels = h 
within which column lies. 

Mi = 4, 000kg 
M 2 =M 3 = 1,000kg 
k\ = 2.0 x 10 6 N/m 
k 2 = 1.0 x 10 6 N/m 
k 2 = 0.5 x 10 6 N/m 

Solution: 

Sinusoidal vibrations x = A cos co t 

Sx 

A = X = maximum amplitude — = —to A sin cot 

co = frequency 
t = time 



Lower columns : stiffness force contributions = k\ (xi n — x 0n ) acting to the left 
Upper columns', stiffness force contributions = k 2 (vi n - x 2n ) acting to the left 
and so on 
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Force from floor 1 Mode 1 

Equation of dynamic equilibrium 

-M x w\x\ n + k\ (x Xn - XQn) 

+k 2 (xi„ - x 2 „) = 0 

If the columns are fixed xo n — 0 
The above equation becomes 

+ k\ + kj)x\ n - k 2 x 2 n = 0 



x 0n = amplitude of displacement at ground 
level “0” 

x\ n 3x 2n = amplitude of displacement at first 
and second floor levels respectively 
Mi, M 2 , M 3 masses at 1, 2, 3 floors 

no = associated with amplitude of 0 level 
n 2 related to resonance frequency of floors 1 
and 2, respectively 



Dynamic equilibrium of the second floor 
Mode 2 

Stiffness force contribution = K 2 {x 2n — x\ n ) 

(from lower columns) 

Stiffness force (upper columns) = K 3 (x 2n — x 3n ) 

Similarly 2 

Inertia force from floor 2 = M 2 = M 2 (—co 2 x 2n ) 

The dynamic equilibrium equation is 

- M 2 0 J 2 n x 2n + K 2 (x 2n - X\ n ) + K 2 (x 2n - x 3n ) = 0 

or 

— K 2 x\ n + (— M 2 cd 2 n + K 2 + K 2 )x 2n — K 2 x 2n = 0 

A similar procedure is adopted as shown in mode 3. 

The inertia force from floor 3. The dynamic equilibrium equation can 
similarly be written as 

- M 3 OJ 2 n X3n + K 3 (x3n - X 2n ) = 0 



or 



- K 3 x 2n + (- M 3 co 2 n x 3n + K 3 )x 3n = 0 

for the eigen solution of resonant vibration —3. 

The systems of equations are grouped together in a matrix form for dynamic 
equilibrium 



M\oj 2 + K\ + K 2 


-K 2 


0 




f Xi„ 1 


' 0 ' 


-k 2 


-M 2 (o 2 n + (K 2 + K 3 ) 


-K 3 


< 


X 2n > = < 


0 > 


0 


-K 3 


M 3 co 2 T K3 




, X3 n ) 


0 

V. / 
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Iteration is needed to produce a converging solution and that is a 
displacement Mode 2 such that n = 2 initial estimate for the mode 
shape 

X \2 = 1, x 22 = 0.2, a standard computer program ISOPAR is considered 
CO 2 — 700; X 22 = 0.340 computed - there is a difference between x 22 = 
0.2 trial and x 22 = 0.340 computed. More trials are needed while keeping x 12 = 
1 constant throughout. 

Trial 2 



X\2, x 2 2 = 0.340 

computed cd\ = 664.7; x 22 = 0.3 8 0 x 22 = — 



Trial 3 



X \2 : 1 , x 22 = 0.380; cd \ — 654.8; x 22 = 0.3925; x 32 — 



Similarly 






Computed values 




Trial 4 xm = 


1 » ^22 = 


= 0.3925 


2 

CD 2 


— 65 1.8; x 22 — 


0.3965; x 32 = 


Trial 5 xi? = 


1 , ^22 = 


= 0.3965 


CO2 


= 650.9; X22 = 


0.3 9 75: x 32 = 


Trial 6 = 


1 j ^22 = 


= 0.3975 


cd\ 


= 650.6; X22 = 


0.3 9 75: x 32 = - 


Trial 7 = 


T *22 = 


= 0.3975 


CL >2 


= 650.498; x 22 


= 0.3975; x 32 = -1.3235 



Mode 1 Three Resonant Modes of Vibrations 

n = 1 orthogonality between modes 3 and 1 

when solved, if x\\ = TO — > x 2 \ — 2.1888; X31 = 3.6788 

Using above matrix cd\ = 202.788 (rad/s) 2 

fi = 2.2668 H z ; T x = 0.44 s 

Similarly cd \ = 650.498 (rad/s) 2 



f 2 = 4.057/z; T 2 = 0.25s 
x\ 2 — TO; x 22 = 0.3975; X3 2 = —1.3 2 3 5 
cd\ = 1896.0 {rad/s) 2 
f 3 = 6.91 5Hz-T 3 = 0.\4s 
xi 3 = 1.0; X 23 = -4.578; x 33 = 1.6421 



They are given in the following diagram: 
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(a) M-1 mode-1 (b) M-2mode-2 (c) M-3 mode-3 



Involving three masses, M 1? M 2 and M 3 , the matrix relation can be written while 
knowing stiffnesses within the frame at all the positions of d.f.s. 



"Mi 


2 1 

COJ 




f x\ n 


'to +k 2 y'" 


h\X 2 n 




m 2 


2 

a>2 


< 


x 2 n > = 


—k 2 X\ n 


(k 2 + k 3 )k2n 


—k 3 x 3n 


_m 3 


2 

co\ 




x 3 n ) 


0 


—k 3 x 2n 


+k 3 x 3n _ 



Looking at the data given as of and, these matrices of non-linear equations can 
be solved by iterative methods in which the displacement mode shapes converge 
so that one of the optimum frequencies occurs of the frame. The first one has to 
obtain highest mode n = 3. 

Take xi 3 ,X 23 = —4 and X 23 = 2. 

Compare with the original initial values = 1 , -X 23 = —1 and X 33 = 1. 

The values of co\ obtained from the first part of the above matrix shall come 
out as 1,748, *23 = —4.570 and X 33 = 1.715 

The new mode shape X 13 = 1; X 23 = —4.570 and X 33 = 1.715; this now will 
be used to give new 

co 3 — 1, 892.78 (rad/s) 2 , similarly for others. The following relations of x u , 
x 2 3 , X 33 trial values are compared with co\, x 23n x 33 computed values. 





Trial values 




Computed values 




Trials 


v 2 3 


*33 


v 2 3 


*33 


CO3 


1 


-4.000 


2.000 


-4.570 


1.715 


1,748.00 


2 


-4.570 


1.715 


-4.603 


1.661 


1,892.78 


3 


-4.603 


1.661 


-4.597 


1.649 


1,901.10 


4 


-4.597 


1.619 


-4.590 


1.645 


1,898.70 


5 


-4.592 


1.645 


-4.588 


1.644 


1,897.70 


6 


-4.5901 


1.642 


-4.589 


1.641 


1,897.30 


7 


-4.589 


1.643 


-4.589 


1.641 


1,897.20 



Note: from trials 1-7, x 13 = 1.000. 
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Similarly using the above matrix with the iterative technique indicated the 
above values are computed for x 23 , x 33 x 23 and co\ and they are tabulated. 
The mass orthogonality between modes 3 and 2. The equation set up is M x x 12 
x 13 + M 2 x 22 x 23 + M 3 x 32 x 33 = 0. Substituting values, then the relation can be 
easily found between x 32 to Xi 2 and x 22 , x 32 to Xi 2 and x 22 
The value of x 3 can be determined. 
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Chapter 4 

Earthquake Response Spectra With Coded 
Design Examples 



4.1 Introduction 

The most important application in structural dynamics is in the analysis of the 
response of structures to ground shaking caused by an earthquake. The earth- 
quake response is generally divided into two categories - linearly elastic and 
inelastic. 

The response spectrum concept which is central to earthquake engineering 
together with procedures to evaluate the peak response of systems directly form 
the response spectrum. This then is followed by a study of the characteristics 
of the earthquake response spectra which generally lead into the design spec- 
trum for the design of new buildings and safety evaluation of existing buildings 
against future earthquakes. The designers would be interested in response of 
yielding or inelastic system. 

The ground acceleration is defined by numerical values at discrete time 
instants. These time instants should be closely spaced to describe accurately 
the highly irregular variation of acceleration with time. Typically, the time 
interval is chosen to be 1/100 to 1/50 of a second, requiring 1,500-3,000 
ordinates to describe the ground motion. 

The main cause of the structural damage during earthquake is its response to 
ground motions which is, in fact the input to the base of the structure. To 
evaluate the behaviour of the building under this type of loading condition, 
knowledge of structural dynamics is required. The static analysis and design can 
now be changed to a separate time-dependent analysis and design. The loading 
and all aspects of responses vary with time which result in an infinite number of 
possible solutions at each instant during the time interval. For an engineer the 
maximum values of the building response are needed for the structural design. 

The response may be deflection, shear, equivalent acceleration, etc. The 
response curves are generally similar with a major variation occurring in 
the vertical ordinates. The variations definitely occur with the magnitude of 
the earthquake and location of the recording instruments. Accelerations 
derived from actual earthquakes are surprisingly high as compared with the 
force used in designs and the main reason is the effect of different degrees of 
damping. 
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The recorded earthquake ground accelerations have no doubt similar prop- 
erties to those of non-stationary random functions but owing to a lack of 
statistical properties related to such motions artificially generated accelero- 
grams are used which are flexible for any duration. A typical artificially gener- 
ated accelerogram prepared by the California Institute of Technology, USA, is 
shown in Fig. 4.1. 




Time (sec) 




0 10 20 30 40 50 




0 10 20 30 40 50 



Time (sec) 

Fig. 4.1 Artificially generated accelerogram (California Institute of Tech, U.S.A.) 



4.2 Fourier Spectrum 

The frequency content of a function (accelerogram) can be exhibited by a 
standard method known as the Fourier spectrum. A typical single-degree-of- 
freedom oscillator is shown in Fig. 4.2 and is subjected to a base acceleration x g , 
applied force M x g , and the response is S. 
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Fig. 4.2 A single-degree-of- 
freedom oscillator 




The equation of motion is 



MS + KS = -ML 



(4.1) 



where S is the relative displacement and % is the base acceleration. 

The vibratory response is given for the relative displacement at time ‘t’ by 



t 

S(t,(o)=—J x g { t) sin co(t — x)dx 



(4.2) 



K fin 



where T is the period. 
The total energy is 



or = — = , 

M \Trj 



1 *9 1 9 

E = -Md 2 +-Kd 2 



= - 2 M 



(/ x^sincoit/T^ + (/ x g cos cot 



(4.3) 



(4.4) 



The duration of / from t = 0 to t = A, the square root of twice the energy per 
unit mass at that time t\, is 






cos andx 






1/2 



(4.5) 



where 



2n 

co = - = 2nf 

1 n 
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A plot as a function of co or T or / is the Fourier amplitude spectrum. In a 
normal situation the earthquake spectra are plotted as a function of T. On this 
basis Hudson and Housner (CIT(USA)) produced a plot for the Fourier 
spectrum of the ground acceleration component along with the recorded one 
at Taft, California (Fig. 4.1). 

At the end t = t\,E{t\,co) was the excitation value. The maximum value of 
the energy E(t m , co) will likely occur at t m <t\. if t\ is changed to t m , the value of 
E(t m , co) when plotted as a function of period or frequency becomes the energy 
response spectrum. If y/2 E(t m , co)/M as a velocity is plotted as a function of 
period frequency, it is called a maximum velocity response spectrum. This was 
then plotted for the Taft earthquake in California in Fig. 4. 1 . One can visualize 
that the amplitude of the Fourier spectrum is somewhat larger. 

If the oscillator in Fig. 4.1 is subjected to viscous damping £ and 

co n = c o\ / 1 — £ 2 , then its response is 

8(t, co, £) = — / x g (T)e~^ COn ^~ T " > sin co n (t — z)dz (4.6) 

0J n Jo 

for £<0.2. 

When co = co n , the maximum value occurs at t m , and then it is known as the 
displacement response spectrum S d and is generally plotted as a function of 
period T for several values of £. The maximum velocity \S(t m , co, £) | is called 
the velocity response spectrum S w . The absolute acceleration spectrum is S a and 
is given by 

s -r(5<“ 2s <f) 2s ‘> (47) 

The pseudo-velocity spectrum *S pv is derived when using the maximum 
displacement for zero kinetic energy and maximum strain energy \KS\ 

X -M{6) 2 = l -KS 2 (4.8) 

The maximum relative velocity 5 would then be 

*=vl & = (l;) s,=v <49) 

Using the above-mentioned analytical expressions and recording certain 
well-known earthquakes, various researchers have produced response spectra. 
Figures 4.6, 4.7, 4.8, 4.9, 4.10, 4.11, 4.12, 4.13, 4.14, 4.15, 4.16 and 4.17 give 
these spectra plotted for a number of earthquake zones. In some cases various 
methods have been compared with those recorded from actual earthquakes. 
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Fig. 4.3 Response spectrum based on Fourier spectrum of ground acceleration component 
S69E. Recorded 21 July 1952 at Taft, California 



250.0 



100.0 



50.0 

T 

o 

CD 

g 25.0 
o 



10.0 



5.0 
2.5 

0.05 0.1 0.5 1 5 10 

T, sec 

Fig. 4.4 Response spectra for elastic systems (May 1940 El-Centro Earthquakes, NS compo- 
nent) (after Blume, Newmark and Corning, 1960) 
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Fig. 4.5 Velocity response spectrum of the S80E component of ground acceleration. Recorded 
at Golden Gate Park, San Francisco 




Fig. 4.6 Acceleration response spectrum of the N80E component of ground acceleration. 
Recorded at Olympia, Washington. 
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Fig. 4.7 Velocity response spectrum for ground acceleration. Recorded in Lima, Peru, 17 
October 1966. Provided by G. Housner C.I.T. (U.S.A.) 



100 




.04 .06 .1 



.2 .4 .6 .8 1 

Period (sec) 



6 810 



Fig. 4.8 Combined plot of design spectrum for acceleration, velocity and damping as a 
function of period and damping (20% g acceleration at zero period) C.I.T (U.S.A.) 
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Fig. 4.9 Average 
acceleration response 
spectrum (El-Centro, 1940) 
(US Atomic Energy Report 
TID-7024, August 1963) 




Fig. 4.10 Average 
displacement response 
spectrum (El-Centro, 1940) 
(US Atomic Energy Report 
TID-7024, August 1963) 
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Fig. 4.11 Response spectra for Imperial Valley earthquake, 8 May 1940. Imperial valley 
county, U.S.A. and G. Housner of C.I.T. (U.S.A.) 
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Fig. 4.12 Inelastic design 
spectra (Newmark and Hall, 
1982) 



Elastic response Displacement for p = 3 





Natural period (sec) Natural period (sec) 



Fig. 4.13 Mean inelastic acceleration and displacement response for different strong ground 
motion durations (Lai and Biggs, 1980) 



Presented by www.pdfbooksfree.pk 



4.2 Fourier Spectrum 



217 



Fig. 4.14 Comparison of 
Lai-Biggs and 
Newmark-Hall inelastic 
spectra (from Lai and Biggs, 
1980) 




Natural period (sec) 




0.01 0.02 0.05 0.1 0.2 0.5 1 



10 20 50 100 



Fig. 4.15 Inelastic yield spectrum for the S90W component of El-Centro and the Imperial 
Valley earthquakes (El-Centro, 18 May 1940). Elastic-plastic systems with 5% damping 
(Riddle and Newmark) 
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Frequency (cycles/sec) 

Fig. 4.16 NRC horizontal design spectra (l.Og horizontal ground acceleration) (with compli- 
ments ofU.S.A.) NRC (Nuclear Regulatory Commission) 



4.3 Combined Spectrum S d - V-S a 

Each of the deformation, pseudo-velocity and pseudo-acceleration response 
spectra for a given ground motion contains the same information, no more and 
no less. The three spectra are simply different ways of presenting the same 
information on structural response. Knowing one of the spectra, the other two 
can be obtained by algebraic operations. 

The need for a combined spectra has a great advantage. One of the reasons is 
that each spectrum directly provides a physically meaningful quantity. The 
deformation spectrum provides the peak deformation of a system. The 
pseudo-velocity spectrum is related directly to the peak strain energy stored in 
the system during the earthquake; the pseudo-acceleration spectrum is related 
directly to the peak value of the equivalent static force and base shear; the 
second reason lies in the fact that the shape of the spectrum can be approxi- 
mated more readily for design purposes with the aid of all three spectral 
quantities rather than any one of them alone. For this purpose a combined 



Presented by www.pdfbooksfree.pk 



4.4 Construction of Response Spectrum 



219 




Fig. 4.17 NRC vertical design spectra (l.Og horizontal ground acceleration) (with compli- 
ments of Nuclear Regulatory Commission, Washington D.C., U.S.A. Provided by A.S. 
Veletsos and N.M. Newmark) 



plot showing all three of the spectral quantities is especially useful. This type of 
plot was developed for earthquake response spectra, apparently for the first 
time, by A.S. Veletsos and N.M. Newmark in 1960. 



4.4 Construction of Response Spectrum 

The response spectrum for a given ground motion component x g (t) can be 
developed by implementation of the following steps: 

1. Numerically define the ground acceleration x g (t); typically, the ground 
motion ordinates are defined every 0.02 s. 

2. Select the natural vibration period T and damping ratio £ of an SDF system. 
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Fig. 4.18 Combined Sj — V— S a response spectrum for El-Centro ground motion; ( = 2% 

3. Compute the deformation response 5(t) of this SDF system due to the 
ground motion x g by any of the numerical methods. (In obtaining the 
responses, the exact solution for ground motion assumed to be piecewise 
linear over every At = 0.02 sec should be used.) 

4. Determine u Q9 the peak value of u(t). 

5. The spectral ordinates are bd = u 0 ,V = (2n/T n )Sd and S a = (2n/T n ) 2 Sd 

6. Repeat steps 2-5 for a range of T and £ values covering all possible systems of 
engineering interest. 

7. Present the results of steps 2-6 graphically to produce three separate spectra 
like shown in Figs. 4.3-4.17 or a combined spectrum like the one in Fig. 4.18. 



4.5 Design Examples 

Conversion factors 



Imperial 


SI 


1 ft 


0.3048 m 


1 kip 


1,000 lbf 


1 lbf 


4.448 N = 0.4536 kgm/s 2 


1 ft kip 


1.356 kNm 



Presented by www.pdfbooksfree.pk 



4.5 Design Examples 



221 



4.5.1 Example 4.1 American Practice 

A portal frame built in steel is shown in Fig. 4.19 The horizontal girder 25 ft 
(7.62 m) is infinitely stiff to prevent significant rotation at the top of the columns 
that are 15 ft high. The total weight inclusive of self-weight is 1.18 kips/ft. Using 
the following data and the design spectrum developed by Housner (Fig. 4.20), 
calculate the response of the structure for the earthquake design spectrum with 
and without 8 in concrete block masonry infill wall: 

Floor weight 

(^7T7^?T7T7TTT7T7T7^7TT7T7T7^7T7^ 



Steel girder 



Steel columns 



15 ft 



Fig. 4.19 A steel portal 
frame 



\W\\\ \\\VW\ 

iilt 




Fig. 4.20 Housner design spectra provided the late G. Housner 1960 C.I.T. (U.S.A.) 
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Steel: 



/(column) = 56.4 in 2 

ES = 30 x 10 6 lb/in 2 (200G N/m 2 ) 

Concrete block masonry: 

E m = l,500kip/in 2 

Ey = shear modulus of elasticity = 0.4/^ 
Masonry weight = 1001bf/ft 2 

Using the US code 



^ w „ f\2EI\ 2(12)(30 x 10 6 ) (56.4) x 10“ 3 , ^ . /r 

K= stiffness = 2 — r- = v A A , y = 6.963kip/ft 

\ h 3 J (15 x 12) 3 ' 



COn — 



/ 6.963 
1 1.18x25 

386 



9.55 rad/s 



T n = — = 0.658 w 0.66 s 

CD n 



Using 5% damping, from Housner’s spectrum, S y = 10 in/s. Thus, 

S a = = 95.24in/s 2 

S d = (§) 5a = X95 ' 24 = 105 in 

S d is the relative displacement between the top and bottom of the column. 
Now 



Seismic coefficient = 



floor mass x acceleration 
floor weight 
95.24 



386 



0.25 



The total shear force in the two columns at the ground level is equal to floor 
mass x acceleration of the mass. 
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Base shear 



V = 0.250 x 1.18 x 25 = 7.375 kips 



or 



V=KS d = 6.963 x 1.05 = 7.31 kips 



The difference between the two methods for the base shear is due to the 
difference between S a and the true floor acceleration. 

Force-deflection equation 



Ac /z 3 1.2 h 

~P = 3E^i + ^4E~ v 

(180) 3 



h = 15 ft = 180in 

1.2 x 180 



3 x 1500 x 



7.62(300) 3 (7.62 x 300) x 0.4 x 1500 



12 



= 2.337 x 10" 4 in/kip 

P 1 

K = stiffness = — - = — — — — — — = 4, 279 kip/in 

Ac 2.337 x lO- 4 5 F/ 

One-half weight of the wall = A x 15x 25 x 100 lbf/ft 2 x 10 -3 = 18.75 kips 



Kj = total spring constant = 6.963 + 4, 279 = 4, 286 kip/in 
JFtotai = L18 x 25 + 18.75 = 48.25 kips 



K 

M 

2n 



4286 



48.25 
386 

= 0.0339 « 0.034 



®n = \ l —=\ ^^ =185 ' 17 r£ld / S 



T n = 



185.17 

V = 5 a W = 0.24 x 48.25 = 1 1 .58 kips 



Using Housner’s diagram (Fig. 4.20) 

T n = 0.03 
S w = 0.45 in/s 

S a = 0.24 and Sj = 0.0021in 
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4.5.2 Example 4.2 American and Other Practices 

Using the following codes with respective conditions and criteria, calculate the 
base shear force for the framed buildings shown in Fig. 4.21 . Use various codes 
given below while Chap. 2 gives various details. 

(a) US code UBC-91 

(b) Iran code ICSRDB 1988 

(c) Australia code 1995 

(d) India/Pakistan codes 1994 

(e) Israel code 1994 

(f) Japan code 1994 

(g) Mexico code 1995 

(h) European code 1995 (4.10) 



4.5.2.1 US code UBC-91 



V = base shear force = 



ZICW 

Rw 



Z = zone 3 = 0.3 
/ = 1.0 

Y W = 3 x 800 + 700 = 3, 100 kips 
R w = special moment — resisting frame = 12(RC frame) 
S = rock =1.0 



22 ft 



22 ft 



1ft = 0.3048 m 

1 kip = 1000 Ibf 

1 1bf = 4.448 N = 0.4536 kg m/s 2 
1 ft kip = 1 .356 KN/m 



W 4 = 700 kips 



W 3 = i 


00 kips 


W 2 = £ 


00 kips 


W 2 = £ 


00 kips 







WV\\W \\\\\\\ 



48 ft 

4 @ 1 2 ft = 48 ft 

= 14.63 m 






22 ft 



22 ft 



Fig. 4.21 A multistorey building frame using various codes 
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C = 



1.25 S 

rj-2/3 

1 n 



1.25 x 1 



1.25 x 1.0 



= 1.862 



V- 



0.03 x (48) 3/4 

0.3 x 1.0 x 1.862 x 3100 
12 



2/3 (0.55) 2/3 

= 144.305 kips(642 kN) 



4.5.2.2 Iran Code ICSRDB 1988 



T n = 0.07 i/ 3/4 = 0.07 x (14.63) 3/4 = 0.524 



^(metres) = 0.3048 X 48 = 14.63 m 



Jo = soil type 1 = 0.3 



W= 3,100 kips = 3,100 x 10 3 > 

I = important factor = 1 .0 
R = behaviour coefficient = 7.0 
A = design base acceleration = 0.35 



4.448 

~W~ 



= 13,789 kN 



B = response coefficient 
where 0.6 < B < 2.0 



(&r- 



0.689 



ABI 0.35 x 0.689 x 1.0 ^ _ 

C = seismic coelhcient = — — = — = 0.035 

Tv 7.0 

V= base shear = CW = 0.035 x 13,789 = 475 kN 



4.5.2.3 Australia Code 1995 



ISC 

V = total seismic base shear = — — Gg 

R f 

Gg = 13,789 kN 
fmin = 0.01Gg= 137.89 kN 

2.5 Ttf 2.5x1x0.10 



fTnax — D Gg — 

R f 



x 13,789 = 575 kN 



V = 1 x °- 25 x °- 67 x 13789 = 386 _5 kN 
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where 



a = 0.10 
/ = 1.0 



S (soil) = 0.67 
R = 6 

K d = 5 



or 



C = seismic design coefficient 

1.25a 1.25 x 0.10 1.25 x 0.10 



7^/3 



(0.252) 



2/3 



0.498 



= 0.251 



„ K 48 x 0.3048 n , 10 

T n = — = — = 0.318 s 

' 46 46 



T n =- 



48 x 0.3048 



58 



= 0.252 s (adopt this value) 



4.5.2.4 India/Pakistan Codes 1994 

Total weight of the building frame = 13, 789 kN 

/J(soil) = 1.0 

/ = (importance factor) = 1.0 
K = (performance factor) = 1.0 



T n 

T n 



(inX— direction) = O.ln = 0.1 x 4 = 0.4 s 

N 0.09# 0.09 x 14.63 

in y — direction) = — ■=- = . — 

Vd Vl3Al 



0.36 sec 



Adopt T n = 0.4 for maximum dimension, then C = 0.9, ag = 0.08: 



V = base shear = KCfth.g W 
= 1 x 0.9 x 1 x 0.08 x 13789 = 992.8 kN 
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4.5.2.5 Israel Code 1994 

T „( for concrete frame) = 0.07377 3/4 = 0.073 (14.63) 3/4 = 0.546 s 

'^2W= 13,789 kN 



K = reduction factor = 5.5 
/ = importance factor =1.0 
Z = acceleration factor = 0.1 



S (soil) = 1.2 

R d {T n ) = spectral amplification factor 

1.25S 1.25x1.2 

= —77= = 777- = 2.246 

C 2/ (0.546) 2/3 

But 



R a {T n ) > 0.2K = 0.2 x 5.5 = 1.1 <2.246 
Adopt R d (T n ) = 2.246 



Cd = seismic coefficient = 
^ SIZ _ 1.2 x 1 x 0.1 

d ~VfK~ VTTH 



R a IZ _ 2.246 x 1 x 0.1 
K 5A 

= 0.0295 (adopted) 



0.041 



V = base shear force 
= C d W i = °- 0295 X 13789 ~ 407 kN 
On the basis of Cd = 0.041 



0.041 

0.0295 



x 407 



565 kN 
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4.5.2. 6 Japan Code 1994 

n 

o, = c,w, = H/ J 

j=i 

Q = ZRfAjCo 
Z = 1.0(for Tokyo) 

C 0 = (moderateearthquake) = 0.2 
T = A(0.02 + O.ly) = 14.63(0.02 + 0.1 x 0) = 0.29 s 
(y = 0 since no steel components are present) 

Solid profile I: rock 

T c = 0.4 
R t = TO 
W 

oti = « 0.305 

W r 

/I \ 2T 

At = 1 + [-= - aA — — = 1 + 0.467 = 1 .467 
\^ai J 1 + 3T 

Q = 1.0 x 1.0 x 1.467 x 0.2 = 0.2934 

y W= 3 , 100 kips = ~~~~ ^ = 1, 384 tonne 

^ 2240 

Qi = V= 1, 384 x 0.2934 = 406 tonne 

4.5.2.7 Mexico Code 1995 

Total weight ZW = 1, 384 

C = seismic coefficient 

Q' = reduction factor for the moment — resisting frame 
= 0.82 = 0.8(0. 4) = 3.2 (alongX- direction) 

or 

= 0.8(3) = 2.4 (along 7-direction) 

Base shear 

V 0 = 0.4(1, 384)/3.2 = 173t (along X - direction) 

V 0 = 0.4(1, 384) /2.4 = 230.67t (along Y - direction) 



Presented by www.pdfbooksfree.pk 



4.5 Design Examples 



229 



4.5.2.8 Europe Code 1995 

Fb = seismic basic shear = V = Sd(T\)W 

T= 0.29 s 

T b <T<T c 

0.15 < 0.29 < 0.60 

Sd(Tt)= a g S(B 0 

where 

B 0 = 2.5 
£ = 0.7 

S = 1.0(for soil) 
a g = 0.1 g 

V = a g SCB 0 W= 0.1 x 1.0 x 0.7 x 2.5 x 13,789 = 2,413 kN 

4.5.3 Example 4.3 Algeria and Argentina Practices 

A five-storey RC building is shown in Fig. 3.49 and is adopted as an office 
building. Using the seismic coefficient methods, determine seismic forces, storey 
shear forces and overturning moments. Use Algeria regulations RPA-88 and 
Argentina seismic code INPRES-CIRSOC 103. 

Algeria Code 

r=0.1 N=0A x 5 = 0.5 s 
A = seismic coefficient = 0.15 

D = dynamic amplification factor for firm soil(F = 0.5 s) = 1.42 
i?(RCframe) = behaviourfactor = 0.25 

6 

Q qualityfactor = 1 + ^ P q = 1 + 0.05 = 1.05 

q= 1 



V = base factor = ADBQ W 
= 0.15 x 1.42 x 0.25 x 1.05 x (5 storeys x 1000 kN) 
= 279.56 kN 
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Fig. 4.22 A multi- Storey frame - Algevia and Argentina codes (Example 4.3) 



Lateral forces (see Table 4.1) 

{V — F t ) W K h K 
k Yjb Wfa 

F t = 0 for T n = 0.5s < 0.7s 



N 



Vk = storey shear = F t + 

i=K 

N 

M k = F t (h N -h K )+ E F ‘( hi _ hfC ) 



i=K + 1 



N 

W K h K = 55,000 

Z=1 



Table 4.1 Lateral forces for the five storeys 



Level 


W K (kN) 


h k (m) 


W K h K 


F k (kN) 


V K (kN) 


M K (kNm) 


Roof level 


1,000 


18.0 


18,000 


91.49 


91.49 


0 


4th floor 


1,000 


14.5 


14,500 


73.70 


165.2 


320.215 


3rd floor 


1,000 


11.0 


11,000 


55.91 


221.11 


898.415 


2nd floor 


1,000 


7.5 


7,500 


38.12 


259.23 


1,672.3 


1st floor 


1,000 


4.0 


4,000 


20.33 


279.56 


2,579.6 


Base 




0.0 




- 


- 


4,066.36 
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Sample F K calculation for 



R °° f : 55 000 X ( F= 279 ' 56 ) = 91 - 49 kN 

4th floor : \ 4 ' ^ x 279.56 = 73.70 kN 
55,000 



Sample V K calculations (F t = 0) for 

2nd floor: 279.56 - 20.33 = 259.23kN 
1st floor: 279.56 kN 



Calculations for similar other floors: 

Sample M K calculations for 
Roof: M k = 0 

fourth floor: 91.49(18.0 - 14.5) = 320.215 kNm 

third floor: (91.49 + 165.2)(14.5 - 11.0) = 898.415 kNm 

second floor: (91.49 + 165.2 + 259.23)(7.5 - 4.0) = 1672.3 kNm 

Argentina Code 
(a) Static load 

(Analysis done in kg units as suggested by the code): 

Seismic weights = + rjLi = 4 kN/m 2 + 0.25 x 8kN/m 2 = 6kN/m 2 

Total mass load = 6 x 166.5 « 1,000 kN 
As before 

Total seismic weight (kg) 



W = 



5 x 1,000 x 1kg 



0.009805 
^•(for the building) = 0.25 
^•(for roof) = 0 



= 50.995 x 10 5 kg 



Seismic zone 3, soil type 1 (rock) 



Plan area = 9(4.5 + 4 x 3.5) 

= 166.5 m 2 

G = 4 kN/m 2 Li = 18.5 m = Total length 
Total number of floors = 5 m 



There is no information about the density of the wall and it is therefore taken to 
be zero, i.e. d = 0: 
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To e = fundamental period of vibration = 



100 

18.0 

Too 



30 

L 



1 + 30 d 



30 

1825 



2 = 0.343 



s 



(b) Seismic coefficient 

A 5% damping for seismic zone 3, soil type 1 reinforced concrete-framed 
building with 

a s = 0.25 b = 0.75 T x = 0.20 s T 2 = 0.35 s 

In this case 7j < T< T 2 , hence 

S a = horizontal seismic spectra pseudo — acceleration 
= b = 0.75 

The seismic coefficient C is calculated as 

r _ +t yd 

R 

= 0-75 x _ o i 95 ^f or structures withh ductility) 

y d = risk factor Group A = 1.3 
R = reduction factors = /u = 5(forT > T\) 

Vo = base shear force = CIV 

= 0.195 x 50.995 x 10 5 = 9.944 x 10 5 kg 

Comparison with the Algeria code 

V = 279.56 kN = 28, 512.239 kg = 0.2 x 10 5 kg 

The equivalence of 



C = ADBQ = 0.056 <0.195 



And the factor for 



9.944 x 10 5 
0.2 x 10 5 



49.72 



The tabulated values, assuming a = 1.0 and a = 0.9 for all levels and the base, 
respectively, are to be multiplied by 49.72. The frame is subjected to heavy 
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lateral loads and overturning moments and this building in Argentina will have 
to have a more robust design. 

(c) Torsional moment 

Table 4.1 is extended to include torsional moments. A column is created in 
Table 4.1 on the basis of 



e x = distance from the CS at level i and the line of action of the shear force 
measured perpendicularly, assumed to be zero 
all units in MKS, i.e. kg units. 

The modified V column x 1.85 will give the M ti values. 

(d) Storey drifts, lateral displacement and storey distortions 
Kj = stiffness at /th level = 12 Eh/ H] 

Hi = 3.5 m storey height 
E c = 2.1 x 10 9 kg/m 2 

Ii = cross - sectional area moment of inertia for the storey column 

(e) Storey drift A/ 

Given by 



M ti = (1.5^1+0.10 L)Vi 
= OALVi 
= 0.1 x 18.5K, 

= 1.85K/ 




Level 



Vi x 10 4 kg 



Roof 

Fourth floor 
Third floor 
Second floor 
First floor 
Base 



0.9331 

1.8649 

2.2551 

2.6439 

2.8512 



(f) I for columns 
For floors 1 and 2: 
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All other floors 

/ A = Ic = f (0-3048) (0.4064) 3 = 1.7048 x 10“ 3 m 4 
/ B = ^(0.3048)(0.5080) 3 = 3.3298 x l(T 3 m 4 

Total 



/ = 6 x I A + 61 B + 6/c 



(g) K t values for floor I 
Grids A and C: 



UEf _ 12 x 2.1 x 10 9 x 3.3298 x 10" 3 

~W~ 



Grid B: 



h 



= 1.3111 x 10 6 kg/m 
5.7539 x 10 -3 



- x A, (Grid A) = 33298 x 10 _, 



x 1.3111 X 10 6 



= 2.266 x 10 6 kg/m 

^■(total)floor = 12 x 1.3111 x 10 6 + 6 x 2.266 x 10 6 
= 29.3292 x 10 6 kg/m 

A, = storey drift = El (total) 

Kj 





A,(m) 


M„-(kg/m) 


Roof 


0.00196 


1.726x 10 4 


Fourth 


0.00392 


3.450x 10 4 


Third 


0.00474 


4.172x 10 4 


Second 


0.0056 


4.891 xlO 4 


First 


0.0049 


5.275xl0 4 


Base 


- 


- 



(h) Sample calculations for Aj/Hj 

Roof level = ^ = 0-00056 (m) 



Floor 


A t/Hi 


4 


0.0011 


3 


0.0014 


2 


0.0016 


1 


0.001123 
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(i) K[ values for all other floors 



\2Ef 

~W 



Grids A and C: 



12 x 2.1 x 10 9 x 1.7048 x 10" 3 
(3-5) 3 



= 1.002 x 10 6 kg/m 



Grid B: 

3 3298 x 10 -3 

I B /I A x A, (Grid A) = ^^3 x 1.002 x 10 6 
= 1.9571 x 10 6 kg/m 

A, (total) = 12 x 1.002 x 10 6 + 6 x 1.9571 x 10 6 
= 23.767 x 10 6 kg/m 

(j) A i ( sample calculations ) 

First floor = 5 X 2 ,^ 12 = 0.0049 

29.3292 x 10 6 

(k) Sample calculation for the lateral displacement <5,- 

Second floor = (0.0049 + 0.0056) = 0.0016(m) 

(l) Sample calculations for fit for P - A 

PA 



Pi = 



ViHi 



Floor 1: 



fh 



0.00123 



50.995 x 10 5 
2.8512 x 10 4 



0.2200 



All results are summarized in Table 4.2. 

The maximum relative storey drift is 0.0056<0.014 as allowed by the code. 
The conditions established for a P — A affect //■ > 0.08. Most values exceed this 
value, and it is necessary to carry out a P — A analysis, using a spectral modal 
analysis. The modal shear is used. 
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Table 4.2 Summary of results for Example 4.3 



Level 


A,(m) 


<5,(m) 


A if Hi 

relative 

drift 


Wi x 10 5 kg 


£ Wi x 10 5 kg 


P — A coeff. 


Roof 


0.00196 


0.02112 


0.00056 


10.199 


10.199 


0.0612 


4 


0.00392 


0.01916 


0.0011 


10.199 


20.398 


0.1203 


3 


0.00474 


0.011524 


0.0014 


10.199 


30.597 


0.1679 


2 


0.0056 


0.0105 


0.0016 


10.199 


40.796 


0.2469 


1 

Base 


0.0049 


0.0049 


0.00123 


10.199 


50.995 


0.2200 



Table 4.3 Results for part (a) of Example 4.4 


Floor 


Lateral force (kips) (F) Storey shear (kips) (V) 


Storey moment (kipt ft) (M 0 ) 


3 


28 


0 


0 


2 


19 


280 


3,360 


1 


9 


470 


9,000 


Base 


0 


560 


15,720 



4.5.4 Example 4.4 American Practice 

(a) A three-storey shear wall building is to be designed against earthquake 
effects using US Uniform Building Code (UBC). Calculate the base shear, 
total lateral shear force and overturning moment at each level. Assume the 
storey height is 12 ft. Use the following data: 

7=1.0 Z a = 1.0 S = 1.5 
K = 1.33 T=0.15s 

For storey height (3.66 m) = 12 ft 
Each floor weight = 1,000 kips (4,448 kN) 

(b) If the shear wall is of reinforced masonry with peak ground acceleration 
A a = 0.4 (for seismic coefficient Cs = 2A&/ R)&nd A v = 0.4 (for lower value 
of base shear Cs = 1 .lA^S/ RT 2 ^) recalculate base shear, lateral shear 
force and overturning moment at each level when S = S i 1.0 for rock- 
like formation. 

For part (a) 

C = - 2 — = h= = 0.171 >0.12 

15VT 15\/(U5 



use 



C = 0.12 
5 = 1.5 

C s = 0.12 x 1.5 = 0.18 >0.14 
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and 



C s = 0.14 

]T\V = 3 x 1,000 = 3,000 kips ( 13, 344 kN) or 13,344MN 
Base shear = V = ZJCSKW = 1 x 1 x 0.14 x 1.33 x 3,000 
= 558.6 kips (2485 kN) 

Since T < 0.75 s 
F t = 0 at top 

For lateral forces (Table 3.8) of the code: 



Fi = 



( Wjhj \ 

VEl, Wth) 



v 



For part (b) 
x4 v = 0.4 

R = 3.5 for man sonry was 
A a >3 

S = Si = seismic coefficient 
= 1.0 

= rock-like formation 
Referring to Table 4.4 



Table 4.4 Results for part (b) of Example 4.4 



Floor 


Lateral force (F) (kips) 


Storey shear (V) (kips) 


Storey moment (kipt ft) 


3 


340 


0 


0 


2 


230 


340 


4,080 


1 


120 


570 


10,920 


Base 


0 


560 


19,200 



C s 



max 



C s 



2(0.4) _ 
3.5 

1.2 AYS 

~RT 2 / 3 “ 



0.23 

= 0.49 >0.23 



V= 0.23 x 3,000 = 690 kips (3,069 kN) 



4.5.5 Example 4.5 American Practice 

Determine the base shear, storey shear, overturning moment and allowable 
inter storey displacement for nine-storey building with moment-resisting steel 
frame for an office in California as shown in Fig. 4.23. Use the US UBC-91 code 
and compare with UBC-85: 
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Fig. 4.23 Moment-resisting 
steel-framed building 





Data 

Storey height = 13 ft = h x 
Total load = 0.1 kip/ft 2 (all levels) 

Soil profile type 2, i.e. S 2 = 1.2 
Seismic coefficient C = or C = 

Ductile moment frame and zone location: zone 4: 
Base shear V = ZJKCSW or 



Rw = 12 



For zone 4: 



Z a — 1 

/ = importance factor = 1.0 (for the office building) 
K = ductile value =0.67 
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~~ 15 Vf 

T= C t h]l 4 = 1.25s (UBC - 91) 

T = 0.1 N = 0.1 x 9 = 0.9s {UBC -85) 



*S 2 = 1.2 



c = (1.25 x L2) = 2 39 ( UBC - 91) 



(1.25) 



2/3 



c = 



15V09 



= 0.07<0.12 (UBC - 85) 



C = 



1 



15VT25 



= 0.061 < 0.12 



C s = 0.07(1.2) = 0.084 <0.14 

Comparison with UBC-85 leads to 

co = 0.1 (170) (100) = 1,700 kips/floor 
W= 9 x 1700 = 15,300 kips 
Z = 1.0 
1 = 1.0 

ZICW 1 x 1 x 2.38 x 15,300 



V=- 



(UBC-91) 



RW 12 

= 3,034.5 kips( 13, 497, 456, kN) orl3,497,456 MN « 13.5 MN 

^=ir = 02 >»07 5 

V= 1.0 x 1.0 x 0.67 x 0.07 x 1.2(15,300) (UBC - 85) 

= 861.1 kips (3,830.2 kN) 



(A) Based on UBC-85 sample calculations 
Vertical distribution T>0.1 s, i.e. 0.09 or 1.25 s: 
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F t = 0.07 x 0.9 x 861 . lkips = 54.25 kips 
0.25 x V = 215.3 > 54.25 
F t = 54.2 kips 

V- F t = 861.1 - 54.2 = 806.9 kips 

(V— F,)W x h x 



lateral forces = 



E”=i Wih 



„ „ 806.9( 1 700) (117) 

Fg + F t = — — -+ 54.2 = 215.6 kips 



F% = 



994.5 x 10 3 
806.9(1700)(104) 
994.5 x 10 3 



= 143.4 kips(637.848 kN) 



The results are summarized in Table 4.5. 



Table 4.5 Individual and cumulative loading (UBC-85) 



Level 


h x ( ft) 


HA (kips) 


W x hx{ kip ft) 


9 


117 


1,700 


198,900 


8 


104 


1,700 


176,800 


7 


91 


1,700 


154,700 


6 


78 


1,700 


132,600 


5 


65 


1,700 


110,500 


4 


52 


1,700 


88,400 


3 


39 


1,700 


66,300 


2 


26 


1,700 


44,200 


1 


13 


1,700 


22,100 






15,300 


1994.5 x 10 3 



Storey shear n 

V x = F,J2Fi 

i=x 

V 9 = 215.6 kips 

F 8 = 215.6 + 143.4 = 359 kips 

Overturning moment n 

M x = F t (h n - h x ) + ^ F i( h i ~ h x) 

i= 1 

M 9 = 215.6 x 13 = 2803 ft kips 

M 8 = 215.6(213) + 143.4(13) = 7469 ft kips 
Interstorey displacement 

A < 0.005 Kh = 0.005 x 0.67 x 13 = 0.04355 ft 

= 0.0133 m 
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(B) Based on UBC-91 sample calculations 



F t = 0.07 x 1.25 x 3034.5 kips = 265.52 kips < 0.25 x 3034.5 
= 758.625 kips 

V - F t = 3,034.5 - 265.52 = 2, 768.98 w 2,769 
2, 769(1, 700)(1 17) 



F 9 +F t = 



265.52 



994.5 x 10 3 
= 553.8 kips + 265.52 = 819.32 kips 



Storey shear 

V 9 = 819.32 kips 

V 8 = 819.32 + 492.1 = 1,311-42 kips 

Overturning moment 

M 9 = 8.19 x 13 = 10,651.16 ft kips 
M 8 = 819.32(2 x 13) + 492.1 = 26, 223.32 ft kips 
A = allowable interstorey displacement (for 0.7s or greater) 

^^03 ^ store y height n or 0.004 x 13 = 0.052 ft (0.016 m) 
R w 

Table 4.6 gives the final comparative results. 



Table 4.6 Comparative results for Example 4.5 



Level 


Fj + F,(kips) 


V x (kips) 




M x (ft kips) 




9 


215.6 


(819.32) 


215.6 


(819.32) 


2,803 


(10,651) 


8 


143.6 


(492.1) 


359.0 


(1,311.42) 


7,469 


(27,700) 


7 


125.5 


(430.6) 


484.5 


(1,772.62) 


13,768 


(50,343) 


6 


107.6 


(369.1) 


592.1 


(2,141.72) 


21,466 


(62,383) 


5 


89.7 


(307.6) 


681.8 


(2,449.32) 


30,329 


(195,604) 


4 


71.7 


(246.06) 


754.5 


(2,695.38) 


40,125 


(143,876) 


3 


53.8 


(184.54) 


807.3 


(2,880) 


50,619 


(180,917 


2 


35.9 


(123.03) 


843.2 


(2,893) 


61,581 


(219,558) 


1 


17.9 


(61.515) 


861.1 


(2,955) 


72,775 


(258,998) 




861.1 


(3,033.865) 
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4.5.6 Example 4.6 American Practice 



A two-by-two storey shear wall building is in a seismic environment. Using the 
following data and assuming that the natural frequencies fall into the constant 
acceleration range of the response spectra, calculate storey forces, overturning 
moments and displacement. 



Data 

storey height = h 
floor weight = W s 



Ww = weight of shear wall/unit length 



Floor is assumed to be infinitely rigid: 



/a = natural frequency = 



1.2 EI/h 3 



1.54/zM w + 1.125M S 



Floor is assumed to be infinitely flexible: 



/Bi 

/b 2 



OAEI/h 3 



0.514/zM w + 0.28 1M S 



OAEI/h 3 



0.514/zM w + 0.562M S 



(shear walls 1 and 3) 



(shear wall 2) 



where 



M s 

M w 



Ws 

g 

w 

yy w 
g 



Use the Rayleigh principle and assume that the shear wall mass is lumped at 
floor levels. 

The deformation shape (see Fig. 4.24) is given by 



H z ) = ■ 



z 4 4 z 3 z- 

U + b l? 



Specific deformation shape = 4>(z) = 5 [(z 4 /16/i 4 ) — (z 3 /2/i 3 ) + (3z 2 /2/i 2 )] 
for this building. 
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Fig. 4.24 Diagram for 
deformation shape 
calculation 



H 



Z 



The combined mass at the floor level is treated as W sw to replace W s : 



or 



ff^swA — 



H^swBi — 




™S!/» = u9 3» shear walls 1 and 3 

\ 0.281 IV^/g y W sw /g 






\ 0.562 W SVJ /g 
ff^swBi ^ JTs W A ^ H^swB 2 



OAEI/h 3 / El/ /z 3 1 

= \ 0.84 ; shear wall 2 



^sw/g 



^Bi < T\< Tb 2 

Deformation equation </>(z) applies when 



z = h 4>(z) = 0.354 

>{<M 

z = 2h (j)(z ) = 1.00 



1.00 1 
0.35 J 



For the first case fF = PF SW 

For the first case Bi W = \ W sw 

For the first case B 2 W = \ W sw 
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The lateral force at each level 

F ( z , t ) max = M(z)<t>(z) X 



w/g( 1.0 + 0.354) 
W/g{ 1.0 2 + 0.354 2 a 



= M(z)0(z) x 1.204 x 5 a 



if 

F(z,/) max = 1.204- x0(z)5 a 

o 

IF IF 

F{2 h,t) max = 1 .204 — x 1 ,05 a = 1 .204 — 5 a (level2) 

& s 

F[h, t) max = 1.204— x 0.3545 a = 0.426 — 5 a (levell) 
§ § 



F(t) = base = 0 

Storey shears 
Level 2: 0 

Level 1: 1.204 j 5 a 

Base: (1.204 + 0.426) — 5 a = 1.630 — 5 a 

g g 

Overturning moment 
Level 2: 0 

Level 1: 1.204 — hS a 

W g 

Base: 2.834 — gS a 

g 

Lateral displacements = 1.204</)(z)Sd 

= —L^(z) 1.2045a 

, (/if 

Note that varies for each case. 

Storey displacement 





A 


B, 


b 2 


z = 2 h 


1.204S a 


1.2045a 


1.2035a 


z = h 


/a* 

0.4265a 


/ B 2 , 

0.4265a 


fl 

0.4265a 




/a 2 


/ B 2 


/b 2 



4.5.7 Elastic Design Spectrum: Construction of Design Spectrum 

In this section we introduce the concept of earthquake design spectrum for 
elastic systems and present a procedure to construct it from estimated peak 
values for ground acceleration, ground velocity and ground displacement. 

The design spectrum should satisfy certain requirements because it is intended 
for the design of new structures, or the seismic safety evaluation of existing 
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structures, to resist future earthquakes. For this purpose the response spectrum for 
a ground motion recorded during a past earthquake is inappropriate. The jagged- 
ness in the response spectrum, as seen in Fig. 4.25, is characteristic of that one 
excitation. The response spectrum for another ground motion recorded at the same 
site during a different earthquake is also jagged, but the peaks and valleys are not 
necessarily at the same periods. This is apparent from Fig. 4.26 where the response 




Fig. 4.25 Combined D-V-A response spectrum for El-Centro ground motion: ( = 0, 2, 5, 10 
and 20% 



Fig. 4.26 Response spectra 
for the north-south 
component of ground 
motions recorded at the 
Imperial Valley Irrigation 
District substation, 
El-Centro, California, 
during earthquakes of 1 8 
May 1940; 9 February 1956 
and 8 April 1968. Z = 2%. 
R. Riddle and N.M. 
Newmark (1979) California 
Institute of Technology, 
U.S.A 
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7 n , sec 



Fig. 4.27 Mean and mean + 1 a spectra with probability distributions for Vat T n = 0.25, 1 
and 4 s; £ = 5%. Dashed lines show an idealized design spectrum. (Based on numerical data 
from R. Riddell and N. M. Newmark, 1979) 

spectra for ground motions recorded at the same site during three past earthquakes 
are plotted. Similarly, it is not possible to predict the jagged response spectrum in all 
its detail for a ground motion that may occur in the future. Thus the design 
spectrum should consist of a set of smooth curves or a series of straight lines with 
one curve for each level of damping. 

4.5.7. 1 Procedure for Construction of Elastic Design Spectrum Based on 
American System: A Reference Is Made to Fig 4.28 

1 . Plot the three dashed lines corresponding to the peak values of ground accel- 
eration i/g 0 , velocity u go and displacement u g0 for the design ground motion. 

2. Obtain from Table 4.7 or 4.8 the values of design ground motion. 

3. Multiply i/go by the amplification factor a a to obtain for oca, oty, and ocd for 
the C selected. 

4. Take u go = lg, u g0 = 48 in/s; u go = 36 in — > Plotted 

5. From Table 4.7: Amplification factors for 81.1 percentile spectrum with 5% 
damping 

6. A = 1 g x 2.71 = 2.71 g - Constant A-branch 
V= 48 g x 2.30 = 1 10.74 - Constant V-branch 
D = 36 x 2.01 = 72.4 - Constant D-branch 

7. The line A = lg is plotted for T n < 1 /33 s and D = 36 in at 33 s. 
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Fig. 4.28 Construction of elastic design spectrum 



Table 4.7 Reinforcement designation and bar areas used in the USA 



Bar size 
designation 


Normal cross - 
sectional area (sq. 
in) 


Weight 
lb per ft 


Nominal 

diameter 

(in) 


British or European codes 
equivalent 


#3 


0.11 


0.376 


0.375 


> 




#4 


0.20 


0.668 


0.500 






#5 


0.31 


1.043 


0.625 






#6 


0.44 


1.502 


0.750 






#7 


0.60 


2.044 


0.875 


See Eurocode 2 BS 81 10 


#8 


0.79 


2.670 


1.000 


for bar diameter 


#9 


1.00 


3.400 


1.128 


designation ^ 


#10 


1.27 


4.303 


1.270 






#11 


1.56 


5.313 


1.410 






#14 


2.25 


7.650 


1.693 






#18 


4.0 


13.600 


2.257 


N 


< 



The elastic design spectrum provides a basis for calculating the design force 
and deformation for SDF systems to be designed to remain elastic. For this 
purpose the design spectrum is used in the same way as the response spectrum 
was used to compute peak response; 

With the pseudo-velocity design spectrum known (Fig. 4.29). the pseudo- 
acceleration design spectrum and the deformation design spectrum are deter- 
mined and plotted in Figs. 4.30 and 4.31 , respectively. Observe that A approaches 
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Table 4.8 ASTM metric reinforcing bars 



Bar size designation 


Nominal dimensions 
Mass (kg/m) 


Diameter (mm) 


10 M 


0.785 


11.3 


15 M 


1.570 


16.0 


20 M 


2.355 


19.5 


25 M 


3.925 


25.2 


30 M 


5.495 


29.9 


35 M 


7.850 


35.7 


45 M 


11.775 


43.7 


55 M 


19.625 


56.4 



* ASTM A61 5M Grade 300 is limited to size Nos. 10 M through 20 M; otherwise 500 MPa for 
all the sizes. Check availability with local suppliers for Nos. 45 M and 55 M. 



M g o = 1 g at T n = 0 and D tends to u go = 36 in at T n = 50 s. The design spectrum 
can be defined completely by numerical values for T a , 7/,, T CJ T d , T e , and T f , and 
equations for these periods- T a , 7"/, T e , and 7f- are fixed, but others - T c and T d 
- depend on damping. The intersections of A = 2.7 lg, V = 110. 4 in/s and D = 
72.4 in are determined: T c = 0.66 s and T d = 4.12 s for £ = 50%. Equations 
describing various branches of the pseudo-acceleration design spectrum are 
given in Fig. 4.30. 

Repeating the preceding construction of the design spectrum for additional 
values of the damping ratio leads to Figs. 4.31, 4.32, 4.34 and 4.35. This then is the 
design spectrum for ground motions on firm ground with u go = 1 g, u g0 = 48 in/s 




T n , sec 

Fig. 4.29 Construction of elastic design spectrum (84. 1th percentile) for ground motions with 

u go — 1 g, Ug 0 = 48 in/s; u g0 = 36 in; £ = 5% 
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Fig. 4.30 Elastic pseudo- 
acceleration design 
spectrum (84.1th percentile) 
for ground motions with 

w g o = 1 g, w g0 = 48in/s; 
u go = 36 in; ( = 5% 



o> 

< 



CO 

0 

0 

o 

o 

cp 

6 

"D 

=3 

0 

0 

CL 



0.1 



0.01 




0.02 



0.1 



1 



10 



Natural vibration period T n , sec 




Fig. 4.31 Pseudo-velocity design spectrum for ground motions with u go = 1 g, 
Ugo = 48 in/s; w go = 36 in; £ = 1,2, 5, 10 and 20% 
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Fig. 4.32 Pseudo- 
acceleration design 
spectrum (84.1th percentile) 
for ground motions with 

w g o = 1 g, w g0 = 48 in/s; 
u go = 36 in; ( = 1,2,5,10 
and 20% 





7 n , sec 



Fig. 4.33 Deformation design spectrum (84.1th percentile) for ground motions with 

w g0 = 1 g, w g0 = 48 in/s; u g0 = 36 in; £ = 5% 
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Fig. 4.34 Pseudo-acceleration design spectrum (84.1th percentile) for ground motions with 
u go = 1 g, u g0 - 48 in/s; u g0 = 36 in; £ = 1,2, 5, 10 and 20% 




7~ n . Sec 

Fig. 4.35 Deformation design spectrum (84.1th percentile) for ground motions with 
u g0 — 1 g, u g0 = 48 in/s; u g0 = 36 in; £ = 1,2, 5, 10 and 20% 

and i/go = 36 in in three different forms: pseudo-velocity, pseudo-acceleration 
and deformation. 

The elastic design spectrum provides a basis for calculating the design force 
and deformation for SDF systems to be designed to remain elastic. For this 
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purpose the design spectrum is used in the same way as the response spectrum 
was used to compute peak response. 

4.6 Earthquake Response of Inelastic Systems 
4.6.1 General 

Structures subjected to severe earthquake ground motion experience deformations 
beyond the elastic range. To a large extent, the inelastic deformations depend on the 
intensity of excitation and load deformation characteristics of the structure and often 
result in stiffness deterioration. Because of the cyclic characteristics of ground 
motion, structures experience successive loadings and unloadings and the force-dis- 
placement or resistance-deformation relationship follows a sequence of loops known 
as hysteresis loops. The loops reflect a measure of a structure’s capacity to dissipate 
energy. The shape and orientation of the hysteresis loops depend primarily on the 
structural stiffness and yield displacement. Factors such as structural material, 
structural system and connection configuration influence the hysteretic behaviour. 

A simple model which has extensively been used to approximate the inelastic 
behaviour of structural systems and components is the bilinear model shown in 
Fig. 4.36. In this model, unloadings and subsequent loadings are assumed to be 
parallel to the original loading curve. Strain hardening takes place after yielding 
initiates. Elastic-plastic (elasto-plastic) model is a special case of the bilinear model 
where the strain hardening slope is equal to zero. Other hysteretic models such as 
stiffness and strength degrading have also been suggested. The elastic-plastic 
model results in a more conservative response than other models. Because of its 
simplicity, it has been used in the development of inelastic response spectra. 

Response spectra modified to account for the inelastic behaviour, commonly 
referred to as the inelastic spectra, have been proposed by several investigators. 



Force 



Fig. 4.36 Bilinear 

force-displacement 

relationship 




Displacement 
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Fig. 4.37 Force-deformation relations 
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The use of the inelastic spectra in analysis and design, however, has been limited 
to structures that can be modelled as a single degree of freedom. Procedures for 
utilizing inelastic spectra in the analysis and design of multi-degree-of-freedom 
systems have also been developed to the extent that can be implemented in 
design. Similar to elastic spectra, inelastic spectra can usually be plotted on 
tripartite paper for a given damping and ductility or yield deformation. When 
the spectra are plotted for various ductilities, computations are repeated for 
several yield deformations using an iterative procedure such as finite element 
and other techniques to achieve the target ductility. 

In the inelastic yield spectrum (IYS), the yield displacement is plotted on the 
displacement axis; in the inelastic acceleration spectrum (IAS), the maximum 
force per unit mass is plotted on the acceleration axis; and in the inelastic total 
displacement (ITDS), the absolute maximum total displacement is plotted on 
the displacement axis. For elastic-plastic behaviour, the inelastic yield spectrum 
and the inelastic acceleration spectrum are identical. Examples of inelastic 
spectra for a 5% damped elastic-plastic system for the S90W component of 
El-Centro, the Imperial Valley earthquake of 18 May 1940, are shown in Fig. 
4.26. The figure indicates that for inelastic yield and acceleration spectra, the 
curves for various ductilities fall below the elastic curve (ductility of one), 
whereas for the inelastic total deformation spectra, they primarily fall above 
the elastic, particularly in the acceleration region. It should be noted that 
increasing the ductility ratio smoothes the spectra and minimizes the sharp 
peaks and valleys that are present in the plots. 

A different presentation of inelastic spectra can always be conceived in a 
slightly different manner. The spectrum, referred to as the yield displacement 
spectrum (YDS), is plotted similar to the inelastic total deformation spectrum 
except that it is plotted for a given yield displacement instead of a given 
ductility. The ductility is obtained as the ratio of the maximum displacement 
to the yield displacement for which the spectrum is plotted. Their procedure 
offers an efficient computational technique, particularly when statistical studies 
are used to obtain inelastic design spectra. 

Note: This concept is fully described in the archives on Imperial Valley in the 
Library of American Congress, Washington D.C. 



4.6.2 De-amplification Factors 

When inelastic deformations are permitted in design, the elastic forces can be 
reduced if adequate ductility is provided. 

Hence they presented a set of coefficients referred to as “de-amplification 
factors” by which the ordinates of the elastic design spectrum are multiplied to 
obtain the inelastic yield spectrum. In addition it is worthwhile to note that artificial 
accelerograms with variable durations of strong motion presented a set of coeffi- 
cients referred to as “inelastic acceleration response ratios” by which the ordinates 
of the elastic spectrum are decided to give the inelastic yield spectrum. Since these 
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two approaches are the inverse of one another, the reciprocal of the Lai-Biggs 
coefficients represents de-amplification factors. De-amplification factors can also 
be obtained from the Newmark-Hall procedures for estimating inelastic spectra. 

The ductility factor R ^ is defined as the ratio of the elastic to the inelastic 
displacement for a system with an elastic fundamental period T and specified 
ductility /u such that 



Rn(T, n) 



Uy (T, fi=l) 

u y (T, n) 



(4.11) 



where uy is the yield displacement. Stated differently, R ^ is the ratio of the 
maximum inelastic force to the yield force required to limit the maximum 
inelastic response to a displacement ductility /i or the inverse of the de-ampli- 
fication factors, stated earlier. 

The relationship between displacement ductility and ductility factor has been 
the subject of several studies in recent years. Earlier studies by Newmark and 
Hall (2-87, 2-89) provided expressions for estimating the ductility factor R ^ for 
elastic-plastic systems irrespective of the soil condition. The expressions are 

Rpi{T < 0.03 s, fi) = 1.0 

tf,,(0.12s < T< 0.5s, n) = v/2/x — 1 (4.12) 

Rfi(T > 1.0s, n) = n 

A linear interpolation may be used to estimate R ^ for the intermediate 
periods. 

Using a statistical study of 15 ground motion records from earthquakes with 
magnitudes 5. 7-7. 7, they have developed relations for estimating R ^ for rock or 
stiff soils for 5% damping. Their proposed relationship is 

Rn(T, n) = [c(n- 1) + l] 1/c (4.13) 

where 



r b 
i + p + r 



(4.14) 



and a and b are parameters that depend on the strain hardening ratio a. 
Newmark and Hall together with Uans and Bertero recommend a = 1.00, 
1.01 and 0.80 and b = 0.42, 0.37 and 0.29 for strain hardening ratios of 0 
(elasto-plastic system), 2 and 10%, respectively. 

Miranda and Bertero using 124 accelerograms recorded on different soil 
conditions developed equations for estimating R ^ for rock, alluvium and soft 
soil for 5% damping. They have not been given in this text. For details, a 
reference made to bibliography. 

Comparisons of the de-amplification factors from the four procedures are 
shown in Fig. 4.38 for a 5% damping ratio and ductilities of 2 and 5. The figure 
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a Energy (kN-m) T = 0.2 sec Energy (kN-m) T = 5.0 sec 




b Energy (kN-m) T = 0.2 sec Energy (kN-m) T = 3.0 sec 



0.6 
0.4 
0.2 
0.0 

0 2 4 6 8 10 12 

Time (sec) 





Fig. 4.38 ( a) Absolute and (b) relative energy time histories for elastic-Plastic systems with 
5% damping and ductility vatio of 5 subjeated to the 1986 San Salvador earthquake (after 
Uans and Bertero) 



indicates that the Riddell-Newmark de-amplification factors are in general the 
smallest (largest reduction in the elastic force) compared to the other three. 
Both Riddell-Newmark and Newmark-Hall de-amplification ratios remain 
constant over certain frequency segments, whereas that from Lai-Biggs follows 
parallel patterns. While the de-amplification ratios are affected by ductility, 
they are practically not influenced by damping. Since the elastic spectral ordi- 
nates decrease significantly with an increase in damping, there is a decrease in 
inelastic spectral ordinates. 



4.6.3 Response Modification Factors 

Current seismic codes recommend force reduction factors and displacement 
amplification factors to be used in design to account for the energy absorption 
capacity of structures through inelastic action. The force reduction factors 
(referred to as R-factors) are used to reduce the forces computed from the 
elastic design spectra. A recent study by the Applied Technology Council 
(ATC) proposes the following expression for computing the R-factors: 
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Jl = y = XsAmAr (4.15) 

where V Q is the base shear computed from the elastic response (elastic design 
spectrum) and V is the design base shear for the inelastic response. The response 
modification factor R is the product of the following terms: 

1. the period-dependent strength factor R s which accounts for the reserve 
strength of the structure in excess of the design strength; 

2. the period-dependent ductility factor R ^ which accounts for the ductile 
capacity of the structure in the inelastic range; and 

3. the redundancy factor R K which accounts for the reliability of seismic fram- 
ing systems. 



R ^ = w }) +1 (4 - 16) 

where 

= 1 + r(1 o_ ^ ~ Texp[— 1.5(ln T- 0.6) 2 ] (4.16a) 

For rock sites 

1 T 9 T 

®(T,n) = 1 + t(12-h) ~yy~ exp [~ 2 ( lnr ~°- 2 ) 2 ] (4.16b) 

For alluvium sites 

T 7 3 T T 

<5(2» = 1 +^-^ eX p[-2(ln--0.25) 2 ] (4.17) 

For soft soil sites 

and T g is the predominant period of the ground motion defined as the period at 
which the relative velocity of a linear system with 5% damping is maximum 
throughout the entire period range. 



4.6.4 Energy Content and Spectra 

While the linear and nonlinear response spectra have been used for decades to 
compute design displacements and accelerations as well as base shears, they do 
not include the influences of strong motion duration, number of response cycles 
and yield excursions, stiffness and strength degradation or damage potential to 
structures. There is a need to re-examine the current analysis and design proce- 
dures, especially with the use of innovative protective systems such as seismic 
isolation and passive energy dissipation devices. In particular, the concept of 
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energy-based design is appealing where the focus is not so much on the lateral 
resistance of the structure but rather on the need to dissipate and/or reflect 
seismic energy imparted to the structure. In addition, energy approach is 
suitable for implementation within the framework of performance-based design 
since the premise behind the energy concept is that earthquake damage is 
related to the structure’s ability to dissipate energy. 

Housner was the first to recommend energy approach for earthquake-resistant 
design. He pointed out that ground motion transmits energy into the structure; 
some of this energy is dissipated through damping and nonlinear behaviour and 
the remainder stored in the structure in the form of kinetic and elastic strain 
energy. Housner approximated the input energy as one-half of the product of the 
mass and the square of the pseudo-velocity, 1/2 m(PSV) 2 . His study provided the 
impetus for later developments of energy concepts in earthquake engineering. 

For a nonlinear SDOF system with pre-yield frequency and damping ratio of 
£ and respectively subjected to ground acceleration ug = a(t), the equation of 
motion is given by 



where F s [x(t)] is the nonlinear restoring force per unit mass. Integrating (4.18) 
over the entire relative displacement history results in the following energy 
balance equation: 



x + 2£x + F s [X(t)] = —a(t) 



(4.18) 



E\ — Ek + E d + E s + E h 



(4.19) 



where 







(4.20) 



(4.21) 



o 



E d = Dissipative damping energy 




(4.22) 



o 



o 



Es = Recoverable elastic strain energy 




(4.23) 



E h = Dissipative plastic strain energy 



X 



(4.24) 




o 



o 
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The energy terms in the above equations are given in energy per unit mass. 
Through the remainder of this section, the term “energy” refers to the energy per 
unit mass. The absolute energy terms E D , E s , and E H are the same as their 
relative counterparts while the absolute input energy is given as f X t dxg and the 
absolute kinetic energy is given as x 2 /2where x t and x g are the absolute and 
ground displacement, respectively. The absolute input energy represents the 
work done by the total base shear on the foundation displacement. The differ- 
ence between the absolute and relative input and kinetic energies is given by 

F/.acs Ej xq \ = 

X 2 

^/.abs Ek.rtl = T XX g (4.25) 

Figure 4.38 shows energy time histories for a short-and a long-period elastic- 
plastic structure using the relative and absolute energy terms. In addition, Uang 
and Bertero converted the input energy to an equivalent velocity such that 

V, = \JlEi (4.26) 

where Ej can be the relative or absolute input energy per unit mass. Figure 4.38 
presents the relative and absolute input energy equivalent velocity spectra along 
with the peak ground velocity for three earthquake records. As the plots indicate, the 
relative and absolute input energies are very close for the mid-range periods (in the 
vicinity of predominant periods of ground motion). For longer and shorter periods, 
however, the difference between relative and absolute energies is significant. 



4.6.5 Example 4.7 American Practice 

For the collapse level, the earthquake spectral design requirements are the 
following: 

S a = 0.60g 
S y = 21.5 in/s 
S d = 11.9 in 

Take 1 in = 25.4 mm 

The elastic response spectrum for a 5% damped system ductility =2%. 
Correct the inelastic yield spectrum: 

Velocity region = - = ]- = 0.5 

fi 2 

acceleration region = _ ^ = . =0.58 

\flfi — 1 \/4^T 

displacement region = - = - = 0.5 

/i 2 
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In summary 

(1) *S a (inelastic) = S a (elastic) x 0.58 = 0.348 g 
Acceleration region 

(2) Sv(inelastic) = S v (elastic) x 0.5 = 10.75 in/s 
Velocity region (0.273 m/s) 

(3) Sd(inelastic) = S d (elastic) x 0.5 = 5.95 in/s 
Displacement region (0.151 m/s) 

(4) The constant displacement line on three-way log paper. Draw the ground accel- 
eration line on three-way log paper. Identify point on ground acceleration line 
corresponding to period of 0.03 s, i.e. point “a”. Identify then point “b” on the 
constant acceleration line. Draw elastic spectrum similarly for 10% damping. 

The plot and data are shown in Fig. 4.39. 




Period (sec) 



Fig. 4.39 Spectral velocity versus period 
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4.6.6 Example 4.8 American Practice 

Using the following data and the Uniform Building Code (UBC) of the USA, 
design the beam-column connection and analyse the concrete ductile frame 
(Fig. 4.40) using UBC and ACI methods. 




Fig. 4.40 Concrete ductile 
frame 

Data 

All beams 12 in x 28 in 
All columns 1 6 in x 27 in 
Working loads: 

Wd = dead load = 70,0001bf 
fc =4,000 lbf/in 2 
f y = 60, 0001bf/in 2 
Z = zone 3 = 0.3 
/(occupationfactor) = 1.25 
C = seismic response =1.0 for rock — like soil 
R w = system quality factor =12 full ductile moment— resisting frames 
r = o.i5 s 



v =(l£) w (4 - 27) 

C = — — -U- = 4.43 >C = 2.75 (4.28) 

(0.15) 2/3 

W=5xW s (4.29) 

If T<0.1 s 

F t = horizontal force = 0 

F[ = lateral earthquake forces in which 
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F t = 0 at the ith level 




(4.30) 



F i =C i V=0MC,W s 



(4.31) 



Initial value to start with is 



n 



^ = (1 + 2 + 3 + 4 + 5) W s (i = 5 at the topmost floor) 



All floors need to be analysed for lateral forces, storey shears and storey 
moments. 

Brief design notes and design formulae UBC and ACI 
Relevant terms are 



W$ = weight of one storey 
B w = system quality factor 
W = total vertical weight of building = nW$ 
S = site factor 

C = seismic response = (1.25/7 7 ) 3 
n = number of storeys 



Step I 

Determine earthquake zone, select UBC seismic coefficients Z,I,C,S,R W . 
Determine period T by UBC method A or B. 

Step II 
Compute 



F { = 0 when T = 0.7 s 
F t = 0.97FC < 0.25 V 
T n = C t (hwf 4 

c t = o.io Vac 

Step III 

Tabulate base lateral force and each storey force F f to F n : 



t= l 



7IC 

V = — — W and 




(4.32) 
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f- IS V 

Find each storey shear and moment: 

(V— Fj) W n h n 



F x = 






(4.33) 



(4.34) 



Step IV 

Carry out a structural frame analysis to determine all shears and moments in the 
frame beams, columns and shear walls. 



Step V 

Revise where necessary the size and main reinforcement of the moment-resis- 
tant frame members: beams and beam-columns (beam-column when 
P»>A g f!/ 10). 

Step VI 

Use strong column-weak beam concept, plastic hinges in beams and not 
columns: £ M col > 6/5 Mbm at joint. 

Seismic beam shear forces: 



Beams : Vl 



^prL + ^prL | Q ?f - 1 AD + 1 -1L 



(4.35) 



Ur = 

Seismic column shear: 



M+l + M; 



/ 



— — 0.75 1 



V R = 



M. 



prl 4 M pi 



(4.36) 



(4.37) 



/ = beam span 

Mpri = probable moment of resistance 

L = left ) 

> subscripts 
R = right J 

h = column hight 

Hinges at beam (</>M n + + <f>M~)col > 6/5 ((j)M+ + (j)M ~) bm (4.38) 

M n = nominal moment strength 
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Step VII 

Design longitudinal reinforcement. 

(a) Beam-columns or columns: 

o.oi <p e <f< 0.06 (4.39) 

? A g 

For practical considerations p g < 0.035 : 

Pmin < ^ (for + M) > (for -M) (4.40) 

Jy Jc Jy 

if y is in lb/in 2 and p> (0.025)). 



(b) Beams: 

M+ at joint face < at that face 
M+or M~ at any section > ^-M a , max at face 



The above are material properties as adopted in Example 3.19. 
Transverse confining reinforcement 
(a) Spirals for columns: 



Ps 



> 



0 - 12 /; 

fyh 



or 



> 0.45 




A 

fyh 



whichever is greater. 

(b) Hoop reinforcements for columns: 



v4 S h > 0.09 sh c 



f 



! 

C 



fyh 



> 0.3 sh c 

A g = gross area 

A ch = core area to outside of spirals 
h c = column dimension 




n 

fyh 



(4.41) 



(4.42) 



(4.43) 



5 = i of smallest cross - sectional dimension or 4 in, whichever is smaller. Use 
standard tie spacing for the balance of the length where A s h = area of transverse 
steel. 

(c) Beams: Place hoop reinforcement over a length = 2h from face of columns. 
Maximum spacing: smaller of s = \d, 8 <4 main bar, 24db hoop or 12 m. If joint 
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confined on all four sides, 50% reduction in confining steel and increase in 
minimum spacing of ties to 6 in in columns is allowed. Use the standard size 
and spacing of stirrups for the balance of the span as needed for shear. 

Beam-column connection (joint) 

Available nominal shear strength > applied V u . 

Confined on all faces: 



K < 20 y/f c Aj (4.44) 

Confined on three faces or two opposite faces: 

K < 15 y/f c Aj (4.45) 

All other cases: 

Vn < 1 2 \ff c Aj (4.46) 

A- } = effective area at joint reduced by 25% for lightweight concrete. Hor- 
izontal shear is calculated if 1.25 f y applies for tensile reinforcement. 
Development length, normal-weight concrete bar sizes #3 to 1 hooks the 
largest of 

Idh >f y d b /65^f c >M h >6 in (4.47) 

/d = 2.5/dh for 12 in or less concrete below straight bar 
/d = 3.5/dh for > \2in in one pour 

If bars have 90° hooks, Id = /<//*. For lightweight concrete, adjust as in the ACI 
code. Bar designations and dimensions are given in Tables 4.7 and 4.8. 

Design shear wall 

F u h>2v4 cvV {7 7 c; use two reinforcement curtains in wall. If wall / c >0.2/', pro- 
vide boundary elements. 

Available: 



— ^cv^sV^c Pnfy'j (4.48) 

for /z w / lw ^ 2.0, o£ s = 2.0 
for /z\y / /\y = 1.5, a s = 3.0 



Interpolate intermediate values of h w /l w . 
Maximum allowance: 
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v n = 8^4 cv y{7^ for total wall 
v = KM cpV ^ for individual pier 
p v = 0.0025 

A cv = net area of cross-section 

(4.49) 

= thickness x length of section 
0 = 0.6 
Vu = $Vn 

A cp = cross-sectional area of the individual pier 
Compressive strength: 

/' = 20MPa 

/c = wJ' 5 0.043v^MPa 
0 = 0.9 for beam 
0 = 0.07 or 0.75 for columns 

Design calculations 

ZIC 

V = — — (Z for zone 3 = 0.3) 

Rw 

R k = 12 
/= 1.25 

L25 

J2/3 

5 = 1.0 
r = o.7 s 

/t = 0 

Floor load (refer to Table 4.9) 

W$ = Wv + JFl = 70, 000 lbf + 80, 000 lbf = 150, 000 lbf 
or 

(31,383kN) + (359, 467 kN) = (673, 297 kN) 

Hence, base shear V= 129,585 lbf. 

The moment at each level is given in Table 4.9 
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Table 4.9 Data for loadings 



Floor 


C, 




F=C,W S 

(ibf) 


Storey shear 
(Ibf) 


Storey moment 
(Ibf ft) 


5 


c 5 


= 5W S /15W S = 0.333 


45,960.0 


0 


0 


4 


c 4 


= 0.267 


36,850.8 


45,960.0 


643,440.0 


3 


C 3 


= 0.200 


27,603.6 


82,800.0 


1,802,640.0 


2 


C 2 


= 0.133 


18,356.4 


110,400.0 


3,348,240.0 


1 


Cl 


= 0.0066 


911.0 


128,760.0 


5,150,880.0 


Base 


s 


= 0 


0 


129,585.0 


6,965,070.0 



D= 70000 Ibf 
L = 80000 Ibf 



Fig. 4.41 Moment diagram 
for the design calculation 




\/ A = 35000lbf (D) 
L = 80000lbf (L) 



Seismic beam shear forces (Fig. 4.41) 



Vl = M p.-l + Kr + 0 75 1 -4 D + 1 .7L 



L 

M\ + Mb 



0.75 



1.4£>+ 1.7L 



(4.50) 



/n 2 

Where l is the beam span and M pr = probable moment of resistance. Now 



r/ ^prL + M prR „ 7 ,1.4/)+ 1 .1L 
V L = 7 +0.75 



(4.51) 



where L,R = left and right, respectively. 



d= 27 - 2.5 = 24.5 in 
A s = 4 in 2 

p = 4 = 0.0 1 36 < 0.025 (allowed by AC3 1 8) 

Iz X 24.0 

M n = A s f y (d-^j 

AJy 4 x 60,000 

0.85/'6 0.85 x 4,000 x 12 

M n = 4 x 60,000(24.5 = 5, 172, 000 Ibf 



Presented by www.pdfbooksfree.pk 



268 



4 Earthquake Response Spectra 



This value can be obtained from structural analysis of these frames. Hence 



v 5,172,000 + 5,172,000 | Q ?g 



24 x 12 
= 35,916.67 + 0.75 



1.4 x 60,000+ 1.7 x 75,000\ 



84,000+ 127,500V 

J 



= 35,916.67 + 79,312.5 
= 115,229.171 bf 

V c = 2^b w d = 2^4,000 x 12 x 24.5 = 37, 188.385 1 bf 



According to the ACI 318-95 code V c can be zero under certain conditions. 
Now V n at d n from the face of the support (nominal shear strength) 



= 115,229.17 



12-28/12^ 



12 



= 92, 826.1bf 



Vs = Vn _V c = 92 , 826.7 - 37, 188.385 = 55, 638.315 lbf 

Mprl + M pr 2 



V c = seismic column shear force 



h 



In the USA, generally the No. 4 (#4) hoop reinforcement is used: 
#4 bar size, A s = 0.2 nominal diameter = 0.375 in 



A v = 2 x 0.2 = 0.40 in 2 

0 Ayfyd 0.40 x 60, 000 x 24.5 

S = = ^ ^ = 10*57 m 

V s 55,638.315 

Four closed hoops are placed at 10^ in c/c on the critical section. When S is 
increased to 



d 

2 



24.5 



= 12.25 in 



the code recommends curtailing stirrups at 



Vc 

2 



= 18,594.193 lbf 



Confinement of reinforcement in the beam at the beam-column joint 
(Fig. 4.42) gives 
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Fig. 4.42 Schematic of the 
beam-column joint 





V column 




Column size 16° x 24° 




^column — 



M n 

(7 + 7)12 
5,172,000 



14 x 12 

= 30, 785.714 lbf 

V n <lt a joint = f^column 

= 4.0 x 60,000 - 30,785.714 

= 209, 214.2991bf 
V n is allowable when <15 yj] t c Aj 



where 



v4j = area at the joint = 16 x 24 = 384in 2 

V u = allowable when 0.85^15 a/4, 000 x 384) = 309, 650.231bf 

actual V c = 129, 5851bf (permitted) 
column d = 24 — 2.5 = 21.5in 



V c at the Aj plane = 2^/f c x 16 x 21.5 = 2 a/ 4, 000 x 16 x 21.5 
= 43, 512.9411bf 



V c 



V u _ 309, 650.23 

(185 _ 0.85 

320, 781.45 lbf 



-43,512.941 



A v f,d _ 0.4 x 60, 000 x 21.5 
V s 320781.45 



0.643 
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Maximum allowable (Thus, nine # 4 bars) 



21 5 

S = d/ 4 = — — = 5.375 
' 4 



Adopt 3 in {i.e. 4 in diameter} 



9 

8 dfj = 8 x - = 9 in 
8 



d b x 24 = 24 x - = 12 in (minimum) 



Thus, use four hoops plus two #4 cross-ties at 3 in c/c. The length of such 
hoops: 



Therefore, use #4 hoops at 3 in c/c and place the confining hoops in the column 
on both sides of the joint over a distance /o using the largest of 

(a) depth of the member = 24 in 

(b) \ x clear span = \ x 24 x 12 = 48 in 

(c) 1 8 in 

Thus, /o = 48 in; #4 hoops and cross-ties at 3 in c/c spacing (Fig. 4.43). 



/ 0 = 2 h = 2 x 28 = 56 in 



Reinforcement in the column at the beam-column joint 
Whichever A sh is greater should be adopted: 



Ash > 0.009ShJ' c /f yh 



or 




h c = column core 

= 24- (2 x 1.5 + 2 x 0.5) = 20 in 



Try 5” = 3 in 




or 
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Fig. 4.43 Reinforcement in 
the column at the 
beam-column joint 




4.6.7 Example 4.9 European Practice 

The four-storey three-span concrete frame of a regular building is shown in 
Fig. 4.44. Adopting Eurocode 8 Parts 1-5 and the following data, design this 
frame for an earthquake environment. 

Data 

Concrete density (specific weight) = 24£7V/m 3 ; concrete class C30 
E cm = Young's modulus = 30.5GPa (30.5 x 10 6 kN/m 2 ) 
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Fig. 4.44 Frame dimensions 5 


6 


11 


for Example 4.9 








4 




7 


12 


3 




8 


13 


2 




9 


14 


1 




10 


15 



3 @ 5.0 m 

Frame dimensions 



16 

17 

18 

19 

20 



hi 

h 2 



\\\\\\\ \\\\\\\ \\\\\\\ \\\\\\\ 



v = Poisson's ratio = 0.2 

fck/y c = design compressive strength = 30/1 .5 = 20 MPa (20MA/m 2 ) 
r Rd = design shear strength = 0.30 MPa (0.3M7V/m 2 ) 
h c = 3.0m 
h\ = 4.0m 

All columns 1—2 levels = 500 x 500; all beams at 1 — 2 levels = 400 x 400. 
All columns 2 — 3 levels = 500 x 500; all beams at 2 — 3 levels = 400 x 400. 
All columns 3 — 4 and 4 — 5 levels = 400 x 400. 

All beams 3-4 and 4-5 levels = 500 x 500. 

Eurocode class 
Steel class S400 

f y d = design tensile strength = f y k/y s 
= 400/1.15 = 348 MPa (348 MN/m 2 ) 



Design loads 

g = dead load (floor, slabs, finishes, etc.) = 6 kN/m 2 
G = 6kN/m 2 x 5.0m = 30 kN/m 
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Imposed or live loads 

q k = 2.0kN/tn 2 
Q k = 2 x 5 = lOkN/m 

Design seismic action 

Design response spectrum derived from 

§ c (T)=Id g sB 0 (^Y' 1 - (4.52) 

/ = 1.0; d g = effective peak ground acceleration = 0.35 g more than El — Centro. 
S = Site coefficient =1.0 
Bq = amplification factor = 2.5 
T b = OAs 

q = behavioural factor {Eurocode 8) = 3.5 ( assumed ) 

<5 e(T) = 1.0(0.35*)(1.0)(2.5)^ ^ (^fj 
/0 4\ 2/3 

= 0.25^— J (g < 0.25 g) 

Loads and inertial forces 

ZG kj + Zf Ei Q kl (4.53) 

i j/ t = i// 2 = 0.2-the loads become quasi-static permanent live loads Q or 
(30 + 0.2 x 10) = 32 kN/m 

Wf floor = 32(3 x 5.0) = 480 KN 

Equal at all floors: 

Floor 2 = 480 = W 2 
Floor 3 = 480 = W 2 
Floor 4 = 480 = W 2 
Floor 5 = 480 = W 2 

(Note that A, = interstorey height) 

Seismic coefficient = 0.25 



y t = distribution factor = /i, 



ZWi 



(1 + 1 + 1 + 1 )Wi 



ZWihj '(4 + 7+10+ 13) Wi 



(4.54) 



= —A, = 0.1176471/1, 
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Horizontal forces at each level 

The method has been demonstrated in other examples and the horizontal forces 
are computed (Fig. 4.45). 



Fig. 4.45 Horizontal forces 
at each level of frame 



183.7 KN 


Floor 4 


141.4 


Floor 3 


98.85 


Floor 2 


56.55 


Floor 1 







\\\\\\\ 



Load combination for structural analysis 

Eurocode 8 specifies at least two load combinations: (a) with the live load as the 
main variable action and (b) with the seismic load as the main action: 



{a) S d = S(1.35G+1.5Q k ) 
(b) S d = S(G + Zilt i Q k ±E) 



load combinations 



The frame has been analysed for these two loading cases using an IBM PC and 
the above data with the program STIFF. Design moments are based on the 
linear analysis of the building frame. Redistribution is permitted (see Fig. 4.46). 

(A) Beams 

From seismically considered situations, all beams shall be equally reinforced to 
cover 40 mm or 4 cm beams of 500 x 500. 



M Rd = the ultimate bending moment at: 



positive = 240kNm> 145 
negative = 355kNm >265 



See Table 4.10 for data. 

Design shear forces 

Conditions of static equilibrium at the beams subjected to vertical loads and end 
moments give design shear forces. The end moments must be from the actual 
reinforcement placed in beams. Eurocode 2 suggests the following beam analysis 
to evaluate moments and reactions. Each section at the end shall have two values of 
shear force - the maximum and the minimum value corresponding to positive and 
negative moments yielding at the hinges. The algebraic ratio between the maximum 
and the minimum values of the shear force at a section shall be denoted by For 
the purposes of design the value of £ shall not be taken as smaller than — 1 (Fig. 4.47). 
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265 257 257 265 





Fig. 4.46 Loading cases for structural analysis 



Table 4.10 Beam loading 



Main reinforcement 


Eurocode 


British code 


At support 


4 dia. 32 top 


4T32 




3 dia. 25 bottom 


3T25 


At mid-span 


2 dia. 32 top 


2T32 




3 dia. 25 bottom 


3T25 
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Dead + semi-permanent load 

C a i 1 1 1 1 1 1 m B ) 

Vt <') 



Dead + semi-permanent load 

M I I I I 1 I m * 



do 



A ' d m,+ m% 

V = V + — - 

V A,6 V A,6 + i 



^A,d = Va,« + ^ V ' B 



M' + M a 



Fig. 4.47 Isolated moments and shears or reactions (Eurocode 2 requirements) 



co or p = 32kN/m 



V if, max 5 355 + 240 +199kN 

= 32 x - ± = 

Vi, mm 2 5 -3.9kN 






-3.9 

199 



-0.0196 »0 



Resistance to shear ( contribution of concrete ) = 0 
Vertical stirrups area 



A _ Fma ^ | 

sw 0.9 d 1 * 



= 13. 83cm 2 /m = 1383mm 2 /m 



Now: 

2dia 10 - 125 ^4 sw =l,570mm 2 /m (limited to a meter from the support) 

(2T10 - 125) 2 legs of 10mm dia. 

Fmax < f^Rdi = 6iRd .b w .d = 6 x 0.3 x 500 x 460 x 10 -3 

= 414kN 

F max = 199kN<414kN (permitted) 



(B) Columns 

Critical columns are on the second and third floors, specifically the two at the 
centre. A reference is made to the loads and bending moment diagrams in Figs. 4.46 
and 4.47 based on unfavourable combinations of loads. Only partially critical 
results are indicated from the linear structural analysis. For regular structures of 
three storeys or higher, the column moments due to the lateral forces alone shall be 
multiplied by a dynamic magnification factor. 

For a planar frame such as this 

oo = 0.67\ -|- 0.85 (1.2 < co < 1.8) 
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where T x is the fundamental period of the structure T x (Eurocode 8) is in the 
range of 0.4-0. 6. Hence 



co = 0.6(0. 6) + 0.85 = 1 .12 >1.3 



Therefore, co = 1.3 is retained. 

Relative strength between columns and beams at joint 
This requirement of Eurocode 8 is to be adhered to. Thus 

M b = sum of beam moments = (M^ d + m rd) 

= (240 + 355) = 595kNm 
M c = sum of column design moments 
= 1.3(155 + 231) = 501.8kNm 

Reinforcement 

Adverse combinations of axial force N and bending moment M can be adopted: 
upper column 

N = 320kN 

M= 1.3 x 177 = 230.1kNm 
lower column 

N = 565kN 

M= 1.3 x 227 = 295.1kNm 

The section is therefore checked. Actual reinforcement provided in the section 
(avoiding traditional column calculations) is 

8dia. 25 and 12dia. 20 Eurocode 
(8T25) (12T20) British standard 

A s = 3, 932mm 2 A s = 3, 760mm 2 
Total v 4 SToT = 7, 692mm 2 

The corresponding ultimate bending moments: 
upper column 

M Rdu = 265kNm > 230. lkNm 
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lower column 



M Rdh = 392kNm > 295. lkNm 



Design shear forces 

These are due to the contribution of the bending moments: 
upper column 

V= 1.3(167+ 177)/3 = 149.07 kN 

lower column 

V= 1.3(210 + 227)/3 = 189.37kN 

Shear resistance 



N =0.1 Agfa 

320 > 0.1 x 0.4 2 x 1670 = 26.72 
535 > 0.1 x 0.5 2 x 1670 = 41.75 



Kd — 2tr c |/) w ('/7?^ 



B e = l +^<2 

M d 

Mo = decompression moment 
M d = design moment 



A 



Coefficient Bf \ < < 2) takes into account the axial load. 

Neglecting the reinforcement contribution the two cases are again consid- 
ered as 

upper column 



Be = 1 



1 x 320°2 



V^Rd u 

= 1 

2(0 

F cd = 2 x 300 x 0.4 2 x 1.085 = 104 kN 



1 0.4 

■ — x 320 x — = 1.085 <2 
265 6 



lower column 



B e = + ( — 2 — x 535 2+ ) = 1 + + x 535 x ^2 = 1.114 
VM RdL 6 J 392 6 

F cd = 2 x 300 x 0.5 2 x 1.114 = 167kN 



(4.55) 



Presented by www.pdfbooksfree.pk 



4.6 Earthquake Response of Inelastic Systems 



279 



The shear force carried by the concrete is no different from the total shear force 
computed. Therefore, no change in reinforcement is needed. 

Stability for a planar structure 

The stability index is based on the secondary effects of storey shears and storey 
moments. Every floor condition has to be satisfied: 



e = 



WAeig Q 1Q _ p tat dr 
V h ~ ' V tot hi 



(4.56) 



where 



6 = deformability index+0.20 
V = seismic design shear force across the storey 
A e i = elastic interstorey drift due to actions 
q = behaviour factor 
h = floor height 

W = vertical load above the storey in consideration of$4>0.20 

The above means that no inelastic analysis is needed for the 0.10 < 6 < 0.20 
elastic static approach; although conceptually inappropriate, it can provide 
extra strength: 

W= 4 x 480 = l,920kN 
q = 2.0 

V= S q (T x )W=021 x 1920 = 518.4 kN 
h = 3m or 4m 



Take h = 3m from the method given for the storey drift A e i = dy = 0.006 : 
0 = 1920 5 ^y x 6 3 x2 -° = 0.0148148 « 0.014815<0.10 (permitted) 

With height h = 4m 



0 = ^ x 0.014815 = 0.011 <0.10 
4 



(permitted) 



Take the average: 



0.14815 + 0.10 



0.013 <0.10 (permitted) 
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Thus 





A 0010 ,/ S 

A = h( m) 


Aei(m) 


(1) 


= 0.010/2 x 4.0 = 0.02 


0.006 


(2) 


= 0.010/2x3.0 = 0.015 


0.0055 


(3) 


0.015 


0.0050 


(4) 


0.015 


0.0040 



The deformability condition is satisfied. 

Note that for serviceability verification, the elastic drift A e i resulting from the 
application of horizontal forces or from the dynamic action shall at any storey 
satisfy the condition 



A e l< 



0.010 

q 



x h 



(4.57) 



For certain buildings, the indicated limits may be increased by 50% where 
significant damage is expected. Where the limits are exceeded separation of 
non-structural elements occurs. To take the drift without restraint 



A = 0.35A e i • q 

Therefore, 

A = 0.35 x 0.006 x 2.0 = 0.0042 m 
Maximum limit established by Eurocode 8 is 

0.025 



Amax — ' 



q 

0.025 

To” 



-h 



x 3 = 0.0375 m 



(4.58) 



or 

^ 2 ^ x 4 = 0.05 m (this value adopted) 

The values in the previous table are correct and do not exceed A max . 
Tensile reinforcement shall not be less than 



1.4 7 1.4 

— — = — — = 0.00354>0.006 (permitted) 

Jyk J yk 400 

The final structural details for Example 4.10 are given in Fig. 4.48 
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400 x 400 




8T25 12T20 



Fig. 4.48 Final structure details 

4.6.8 Example 4.10 British Practice 



For the response-time history using direct integration, the equation for the 
dynamic equilibrium, ignoring initial damping, is 

^ + Ky = F(t) (4.59) 

where M is the mass, K is the structure stiffness and F(t ) is the time-dependent 
force. Develop the direct integratio7n procedure that is generally met in 




rigidly 

jointed girder 



Fig. 4.49 Response analysis of a portal frame 
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earthquake analysis. A two-dimensional rigidly jointed steel frame with rigid 
support provides a single portal frame of 4 m height (Fig. 4.49). The horizontal 
girder to the two vertical members is infinitely stiff and carries a distributed 
mass of 500 kg. At the girder level an earthquake force of lOkN for 3 s exists. 
Using the following data, develop the response-time history for this frame: 

I = second moment of area = 2 x 10 3 cm 4 

E = Young's modulus for steel = 200 kN/mm 2 

Initial time step = 0.015 s 

c = damping of 10% 

Construct the response of this portal over a period of 3 s indicating factors 
relating to frequency and amplitude of the dynamic response: 



d 2 y Sy/dt t =o 5 — 8y/8t t =-o 5 

-^2 (average acceleration at time t = 0) = ~~At “ 

^ (average velocity at t = +0.5) = ^~° 

ot At 

^ (average velocity at t = —0.5) = 

$ 2 y = yt = 1 - 2 yt = 0 + y t =- 1 
3t Lo (A0 2 



(4.60) 

(4.61) 

(4.62) 

(4.63) 



At general time t = t. Hence 

y T+ i - 2y z + y T _i 



M- 



(AO 2 



+ Ky x =F{i) 



(4.64) 



where y T = amplitude of displacement at t = t and similarly others in the for- 
ward difference equations. For example, at time t = t + 1 



ji+i = yz 



2 - 



K{At) 2 

M 



-y*~ 1 + F ( 0 z 



(Atf 

M 



(4.65) 



Now 



T = natural period = 2n 

In order to calculate displacement at t = +1 one must obtain y t =-\. 
know the initial velocity Sy/St = 0, which is 




(4.66) 
One has to 



yt=+\ -yt =- 1 

2 At 



(4.67) 
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or 



yt =- 1 = yt =+ 1 - 2At 



$tt = c 



The starting equation by making z — 0 becomes 

t <Sy 



Ji = Jo 



2 - ^:(Ar) 2 " 


- 


M 





y i — 2Af 



3*o 






(A/)' 



M 



(4.68) 



(4.69) 



By including damping c = 10%, i.e. c(Sy/8t ) in the generalized equation, then 



b 2 y by 

M ^ +C i +K >' =F ^ 



Equation (4.69) becomes 





", , cAt' 




" K(Atf 




cAt 


+m 


'(At) 2 ' 


Jt+1 


2M. 


= 71 


2 3 — — 

M 


-yz-i 


~2M_ 


M 



(4.70) 



y T + 1 is computed from (4.70): 



2 x 12EI 

K(2 columns) = = 1.5, x 10 6 Nm 



T = 27 c y — = 271 



5000 
1.5 x 10 6 



= 0.3635 s 



When c = 10%, the maximum time-step interval = 0.036 ^0.04 s. The value of 
At = 0.015s is acceptable. j T+1 is given by 

_ j t (1.9325) -y x _ x (0.974) +4.5 x 1(T 4 E(0 
71+1 ~~ L026 

For the initial case 

0 + 0 + 4.5 x lO" 4 



y i =■ 



= 2.25 x 10 _4 m 






2.25 x 10 -4 (1.9325) -Ox 0.974 + 4.5 x 10“ 4 



1.026 



= 0.0008624m 



0.0008624(1.9325) -2.25 x 10“ 4 x 0.974 + 4.5 x 10" 4 

J3 = 



1.026 



= 0.0018493m 



0.0018493 x 1.9325-0.0008624 + 4.5 x 10“ 4 

y< = T026 = a0031198m 



Presented by www.pdfbooksfree.pk 



284 



4 Earthquake Response Spectra 




Fig. 4.50 Displacement- time relationship 

These calculations are continued for other values of y. Figure 4.50 shows the 
cyclic nature of the response. The period of vibration is the same as the natural 
period of this frame. With damping of 10%, the displacement will have a static 
value reaching up to 4 s. 



4.6.9 Yield Strength and Deformation from the Response Spectrum 
(American Practice) 

Given the excitation of the El-Centro ground motion and the properties T n and 
£ of an SDF system, it is desired to determine the yield strength for the system 
consistent with a ductility factor iu. Corresponding to T n , £ and /i the value of 
Ay/g is read from the spectrum of Fig. 4.51 or 4.52. The desired yield strength 
can be obtained which is strength / y . An equation for the peak deformation can 
be derived in terms of A y as follows: 

U m =lAUy (4.71) 

where 
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Fig. 4.51 Constant-ductility response spectrum for elasto-plastic systems and El-Centro 
ground motion 




Fig. 4.52 Constant-ductility response spectrum for elasto-plastic systems and El-Centro 
ground motion 



Putting (4.71) and (4.72) together gives the following equation: 




(4.73) 
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Example 4.11 American Practice 
Data T n = 0.5 s 

Damping f = 5% 

Ductility ji = 4 

Using Figs. 4.51 and 4.52 for the El-Centro ground motion, calculate the yield 
strength and deformation from the response spectrum or elasto-plastic system 
shown in the figures. 

A y /g = 0.1789 

f y = the yield strength of an elasto-plastic system = KU y = m(w 2 n u y ) 

= mA y = Ay/g = 0.1 789 w 

where w = weight of the system 

A = pseudo-acceleration response spectrum for linearly elastic systems 

*= 38<> 

= 0.437 in( 11.1 mm) 

U m = 4 x 0.437 « 1.749 in(44.5 mm) 

4.7 Equivalent Static Force Method Based on Eurocode-8 

4.7.1 General Introduction 

Equivalent static response spectrum method and time history method are 
accepted by EC8 in order to evaluate seismic forces while treating at the same 
time the building which is symmetrical in elevation and plan. 

One of the plan frame is taken as an example and shall be assumed moment- 
resisting rigid frame. 

4.7.2 Evaluation of Lumped Masses to Various Floor Levels 

Step 1 Lumped mass evaluation 

(a) Roof: Mass of infill + mass of columns + mass of beams longitudinally 
and transversely of the floor + mass of slab + imposed load or action on 
roof wherever possible 

(b) Mass of floor: Masses of all floors: seismic weight of each floor = full dead 
load + imposed load. Any weight supported between storeys 

(c) Imposed loads or actions 

(d) Total seismic weight of the building: m = m\ + m 2 + m3 H 
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Step 2 Determination of natural period 



For steel C t = 0.08 
For concrete C t = 0.075 

T= QH 3 /4 

Step 3 Determination of design base shear V B 



F B =a g CB 0 W 



(4.74) 



and V B = A r M(9.81) <- for T -> ^ 



(4.75) 



where £=1.0 

Soilsite :2?o = 2.5 

f = 0.1 

a g = 0.1 g As an example, they may vary based on EC8 



Rocksite : V B = A R W = Z - I/R — ( W) 

S (4.76) 

= |//i?y(MX 9 - 81 ) 

Step 4 Vertical distribution of base shear 

The design base shear (F B ) computed shall be distributed along the height of the 
building as per the expression 



Qi 




(4.77) 



where 

Qi = Design lateral forces at floor i 

Wj= Seismic weights of the floor i 

Hf= Height of the floor i, measured from base, and 

n = Number of stories 

The base shear force distribution can be determined as 



Q i=vi 



W\ h] 



W\H\ + W 2 H\ + W 3 Hj + W 4 Hj 



(4.78) 
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4.7.3 Response Spectrum Method 

A: Frame without considering the stiffness of infills 

A step-by-step procedure for analysis of the frame by response spectrum 
method is as follows. 



4.7.3. 1 Step 1: Determination of Eigenvalues and Eigenvectors 

Mass matrix, M, and stiffness matrix, K , of the plane frame lumped mass model 
are 



m 



"Mi 

0 

0 

0 



0 0 
m 2 0 
0 m 3 
0 0 



0 ■ 

0 

0 



(4.79) 



Note: The terms in a matrix can be of n x n terms (n = 4 as an example) 
Column Stiffness of Storey 



K = 



\2EI 

IT 



The lateral stiffness of each storey 

^ 1 5 ^2 5 k 2 ')••••> k n 

Stiffness of lumped mass modelled as 



k = 



k\ + k\ —k 2 0 0 

k 2 k 2 + k 2 k 2 0 
0 — k 2 k 2 + k\ —k\ 

0 0 —k\ k\ 



(4.80) 



(4.81) 



(4.82) 



n = 4 for a case 

The stiffness, mass matrices, eigenvalues and eigenvectors are 



| K— co 2 m\ 



2 k-co 2 M 
~k 2 

0 

0 



— k 2 0 

2k — to 2 M —k 2 

—k 2 2k — co 2 M 
0 —k\ k 



0 

0 

-k 3 



(4.83) 



co 2 0.575M 



nxn 



= o 
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where co n = y/K/m 

(o) 2 ) 4 - 8.3 (g) 2 )(g) 2 ) + 10.75(w 2 ) 2 - 4.45(a) 2 ) (g) 2 ) 3 + 0.575(g) 2 ) 4 = 0 (4.83a) 

By solving the above equation, natural frequencies (eigen values) of various 
modes are eigenvalues 



(o L = 



cot 



cot 



cot 



'■CO„ 



(4.84) 



The quantity of cof is called the zth eigenvalue of the matrix [—Mcoj + 

Each natural frequency (co z -) of the system has a corresponding eigenvector 
(mode shape), which is denoted by $/. The mode shape corresponding to each 
natural frequency is determined from the equations 

[-Mco\ + K]<b x =0 
[-Mco 2 2 + K]®2 =0 

[-Mco 2 3 + K]<S>3 = 0 (4.85) 

[-Mm\ + K}<b 4 = 0 

[-M(D 2 n + K]® n = 0 (4.85a) 

4.13.2 Step 2: Determination of Modal Participation Factors 

The modal participation factor of mode k is 



r _ Z* = iWiQ>ik 

r 2^1 ^,-1 _ (F^On + F^l + ^3$31 + ^4$4l) 

1 r 4 =1 Wi(<t>n ) 2 W\(Q >\\) 2 + W 2 (< hi ) 2 + W 3 (® 31 ) 2 + W 4 (® 4 i ) 2 

p _ lE/O/2 _ (fFiOi2 + W2O22 + fp3<X>32 + IT4O42) 

2 ~~ ^ti ^-(®q) 2 ~~ ^i(®i2) 2 + w / 2 (a>22) 2 + Fr 3 (a> 32 ) 2 + w / 4 (<D 42 ) 2 

Similarly goes for r 3 . . . Y n 



(4.86) 

(4.87) 

(4.88) 

(4.89) 
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where 

g = Acceleration due to gravity, 

<f>ik = Mode shape coefficient at floor i in mode k , and 
W t = Seismic weight of floor i. 



4.133 Step 3: Modal Masses 



Mi 



g 



^li W,(9 n ) 2 ' 



(4.90) 



Similarly for others up to nth mass M n 
Modal contributions of various modes 



For model 1 = 

M 



i (4-91) 

For model n = ^ 

M 

4.7.3.4 Step 4: Determination of Lateral Force at Each Floor in Each Mode 

Qik = design lateral force at floor in mode “k” is given by 

A k <S> ik T k Wi (4.92) 

where A k = design horizontal acceleration spectrum value using the natural 
period of vibration “T k ” of mode “k” 

The design horizontal seismic coefficient for various modes are 

ARk=~— if it is rock (4.93) 

2 R g 

Or if soil: a g SCBo 



4 . 13.5 Step 5: Determination of Storey Shear Forces in Each Mode 

The peak shear force is given by 

Vik=Y J Qik (4.94) 

l=i+\ 



4.7.3. 6 Step 6: Determination of Storey Shear Force due to All Modes 

The peak shear force V t in storey “z” due to all modes is obtained by combining 
those due to each mode in accordance with 
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(a) modal combination SRSS (square root of sum of squeares); 

(b) complete quadratic combination (CQC) method. 

If the building has no closely spaced modes, the peak response quality (A) due to 
all modes considered shall be obtained as 

A = (4-95) 

where X = absolute value of quantity in mode “k” and r is the number of modes 
under consideration. 

Complete quadratic combination (CQC) 

A = s/lUZlMkf (4-96) 



where 



r = Number of modes being considered, 

Pjj = Cross-modal coefficient, 

Xi = Response quantity in mode i (including sign), 

Xj = Response quantity in mode j (including sign). 

8 C 2 ( I - />’,;)/* '• 5 

Pa = V 7 (4-97) 

(1 + Py) + 4<T 0/1 + fijj) 

where 

£ = Modal damping ratio (in fraction), 

Pij = Frequency ratio coj/coi , 

C 0 j = Circular frequency in ith mode, and 
CDj = Circular frequency in yth mode. 

Therefore, all the frequency ratios and cross-modal components can be 
presented in matrix form as 



'0ii 


P\2 


Pl 3 


P \4 










Pi 1 


@22 


1^23 


P 24 




CJOi/cO\ 


CO2/CO1 


ft) 3 / OO \ 


OO4/ O0\ 


031 


f>32 


[>33 


[>34 




0J\/0J2 


OO2ICO2 


003/002 


004/002 


041 


f>42 


P 43 


P 44 


= 


CO1/CO3 


OO2I0O3 


ft>3 / CO3 


004/003 












00\/ 00 4 


OO2/ OO 4 


00^/004 


00 4/ 00 4 












CO 1 / CDj 






CO 4 / CDj 


-0/1 


Pj2 


Pj 3 


h- 











■0ii • 


•• 0i/ 


-0/i 


Pjj- 



(4.98) 



(4.99) 
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4.7.3.7 Step 7 Determination of Lateral Forces at Each Storey 

The design lateral forces Q roo f and Q x at roof and the ith floor respectively, are 
given by 



SRSS Method 



2roof = Froof Qi = Vi V j\ 



(4.100) 



CQC Method 



Qroot — F w 
2roof = Qn- 1 — Qn 

Qrooi = Qn — Vn 



(4.101) 



(4.102) 



And then roof levels 

Qn - 1 - Qn 

Frame: Considering the stiffness of infills follow from column stiffness to the 
end procedures except here the stiffness of the infills is modelled as an equiva- 
lent diagonal strut in which the strut 

Bws = 2 \J + a ii (4.103) 

where ocr and o(l are. 

71 



where 

9 = tan -1 H\/l 

where 



EflcH i 




Efhl 


2E m rsin 26 




E m tsm 20 



(4.104) 



Ef = Elastic modulus of the material of the frame 

E m = Elastic modulus of the masonry infill or wall 

t = Thickness of the infill wall 

H x = Height of the infill wall 

/ = Length of the infill wall 

I c = Moment of inertia of the column 

B ws = Width 

/d = Diagonal length of the strut = J H\ + / 2 



AE 

Stiffness of the infill = — — mcos 2 0 

Id 



(4.105) 
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4.7.4 Example 4.12 Step-by-Step Design Analysis Based on EC8 

Case Study: The elevation and partial plan of a four-storey building frame in 
reinforced concrete is shown in Fig. 4.53. 




Fig. 4.53 Four-storey building 

4.1 One plan frame needs to be analysed by equivalent static method and 
response spectrum method Analysis with and without infill wall. 

Data: Seismic zone 

No of storeys = 4 

Floor height = 3.5 m; Total height H = 14 m 
Infill wall: Longitudinal thickness = 250 mm 
Transverse thickness = 150 mm 
Action = 3.5 kN/m 2 

Material C25 concrete; steel reinforcement Fe 130; E c = 22.36 x 10 6 kN/m 2 
Beam size: Longitudinal: 450 x 250 mm throughout 
Transverse: 350 x 250 mm throughout 
Depth of slab: 100 mm 
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Column size: 450 x 250 mm 
Intensity of infill = 250 kN/m 3 

Earthquake forces shall be calculated for the fill dead load + percentage of 
imposed load. The roof imposed load shall be assumed as zero. The lumped 
masses are given in Step 2. 

Step 1 Calculated values of lumped masses 

Roof: Mass of infill of wall + mass of columns + mass of beams longitudinal 
and transverse direction of that floor + slab mass + imposed or action zero = 
37,087 kg (363.82 kN) 

First, second and third floors each = 64450 kg 
With 50% imposed load for load greater than 3 kN/m 2 
Check for soil and rock zones based on EC8 

Ef = Elastic modulus of the material = 22,360 N/m 2 
E m = Elastic modulus of the masonry wall = 13,800 N/m 2 
t = Thickness of the infill wall = 250 mm 
Hi = Height of the infill wall = 3.5 m 
/ = Length of the infill wall = 5.0 m 

(A) Equivalent Static Method 
Step 1 Seismic weight of the building 

= M\ -\- M 2 T A/3 -|- A/4 

= 64, 450 + 64, 450 + 64, 450 + 37, 087 = 230, 437 kg 

Step 2 Determination of natural period T 

For concrete based on EC8 C 4 = 0.075; H = 14 m 
From equivalent (4.74) 

T= C,H i/4 = 0.5423s 

Step 3 Determination of design base shear for soil type 
A r = a g S{ = 0.007 



Design baseF^ = a g SCB 0 W = 0.1 (1.0) (0.7) = 0.007 B 0 W 
= 0.007 x 2.5 x 230,437kg 
= 40, 326.475kg 
= 395.4662 kN Adopted 
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Equation (4.75) 
For rock 



Ar — - 



zlS* 0.241 



-1.842 



2 Rg 2 5 

V B = A r W = 101.713 kN 



Step 4 Vertical distribution of base shear 

V 0 = Equation (4.77) is considered which takes the form of (4.78). 
Equation (4.78) is solved 
Load diagram values 



2i = 17.040 kN V l = 156.882 kN 

Q 2 = 68.178 kN V 2 = 310.256 kN 

Q 3 = 153.124 kN V 3 = 378.417 kN 
Q 4 = 156.882 kN V 4 = 395.466 kN; V B = 395.466 kN 



Step 1 Determination of eigenvalues and eigenvectors 
Mass matrix, evoking (4.79) 

'Mi = 64,450 



[M ] 4x4 — 



M 2 = 64, 450 



M 3 = 64, 450 



M 4 = 37, 087 _ 



(kN) 



Column stiffness = 



12EJ _ 12(2, 236 x 10 3 ) 
L 3 “ (3.5 ) 3 



= 11, 880.78 kN/m 
Each storey lateral stiffness 



K\ = K 2 = Ki = K 4 = 3(11,880.78) 

= 35, 642.36 kN/m 



Mj = M 2 = M 3 , etc. 64218 kN = 64,450 
M 4 -> 37,087 kg = 363.82 kN 

The stiffness of the lumped mass model is derived which is given below: 
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156.882 





" 71,284.72 -3,564.36 0 0 

-3,564.36 71,284.72 -3564.36 0 

0 -3,564.36 71,284.72 -3,564.36 

0 0 -3,564.36 3,564.36 



The stiffness, mass matrices, eigenvalues and eigenvectors are calculated 
from (4.83). Solving this equation, eigenvalues, modal eigenvectors, mode 
shapes and natural periods under different modes are evaluated. The eigenvec- 
tors {0} are given as 



{ 0 } = { 01020304 .} = 



■ -0.0328 


0.0795 


0.0808 


-0.0397' 


-0.0608 


0.0644 


-0.0540 


0.0690 


-0.0798 


-0.0273 


-0.0448 


-0.0799 


-0.0872 


-0.0865 


0.0839 


0.0696 



(t » 2 ) 4 - 8.3(® 2 ) 3 + 10.75(c» 2 ) 2 (c» 2 ) 2 - 4.45(® 2 )(co 2 ) 3 + 0.575(co 2 ) 4 = 0 
Natural time period 



T = 



0.6977 0 0 0 

0 0.2450 0 0 

0 0 0.1636 0 

0 0 0 0.1388 
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Invoking (4.84) 



r\ ** 

[co ] n = Eigenvalues = 

Equations (4.85) [—Mcd\ + X]0 ? are solved 

Step 2 Equations (4.86), (4.87), (4.88) and (4.89) are solved for participation 
factors 

Ti = -14.40; r 2 = 4.30; r 3 = 1.95; E 4 = -0.68 



Step 3 Determination of modal mass 
The modal mass (M k ) of mode k is given by 



M k 






g 



XU W*) 



Mi = 207.60; M 2 = 18.54; M 3 = 3.82; M 4 = 0.47 



Modal contributions of various modes 
Mode 1 = 0.90 (90%) 

Mode 2 ^ = 0.0805 (8.04%) 

Mode 3^ = 0.0165 (1.65%) 

Mode 4 M = 0.002 (0.2%) 

Step 4 Determination of lateral force at each floor in each mode 



Qik = A k ^ikTkWi at floor in mode "k" 



where A k = Design horizontal acceleration spectrum using the natural period 
of variation of mode “k” 

Invoking (4.76) 



Ahi = 0.343; ^4^2 = 0.060; = 0.060 = A kk 

For hard soil site the code gives actual relations. The following are 
one specific relations chosen. They may vary for actual hard soil/rock 
cases. 
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1 + 1.5 T- 


0.00 < T< 0.10 


2.5; 


0.10 < T< 0.40 


1.00/r; 


0.40 < T< 4.0 



For T\ = 0.6978 =>■ — = 1.433 
g 



For T 2 = 0.2450 
For r 3 = 0.1636 



Sal 

g 



Sal 

g 



2.5 

2.5 



For T 4 = 0.1382 




2.5 



Design lateral force in each mode 

Qn = (AiTifaWi) 



[Qn] = 



(A hl r l( j> u Wi) 
(A hl r 2 ^ 2 l w 2 ) 
(A hl r^ n w 2 ) 

_ (AhiT 4 (j) 4l W 4 )_ 
(10.275) 
(19.043) 
(25.018) 

_ (15.720) 



= kN 



((0.0343)(— 14.40) (—0.0328) (64. 45 x 9.81))' 
((0.0343)(— 14.40) (—0.0608) (64. 45 x 9.81)) 
((0.0343)(-14.40)(— 0.0798)(64.45 x 9.81)) 
((0.0343)(-14.40)(— 0.0872)(37.08 x 9.81)) _ 



Similarly, 



[Qn] = 


' -43.44 ' 
-35.199 
14.920 


i [Qn] = 


--44.204' 

29.499 

24.517 


, [QA = 


' 21.749 ' 
-37.722 
43.675 




. 27.207 . 




.-26.385. 




.-21.878. 
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Step 5 Determination of storey shear forces in each mode 
The peak shear force is given by (4.94) 



Vn = J2 Q* 

j=i + 1 

V n 
V 2 i 

Vn = 

V31 
V41 



( 2 11 + Q 21 + 231 + 24 i ) 
(221 + 231 + 241 ) 
(231 + 241 ) 

(241 ) 





'70.056' 




59.781 




40.738 




15.720 



kN 



Similarly, 



V a = 



'V l2 ' 




'-36.514' 


V22 




6.927 


V 32 




42.127 


_r 42 _ 




_ 27.207 _ 


'Vu 




5.824 


V 24 




-15.925 


V34 




21.796 


_ V 44 _ 




_ — 21 .878 _ 



V i3 = 









'v 13 ' 




'-16.572' 


V 23 




27.632 


V33 




-1.867 


_ V43 _ 




_ — 26.385 _ 



V i4 = 



Step 6 Determination of storey shear force due to all modes 

The peak storey shear force (V;) in storey i due to all modes considered is 
obtained by combining those due to each mode in accordance with modal 
combination, i.e. SRSS (square root of sum of squares) or CQC (complete 
quadratic combination) method. 

SRSS ( square root of sum of squares ) 

If the building does not have closely spaced modes, the peak response quantity 
(A) due to all modes considered shall be obtained as (4.95) 






k= 1 
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Using the above method, the storey shears are 

V X = [(r 11 ) 2 +(F 1 2) 2 +(F 13 ) 2 +(F 1 4) 2 ]^ 

= [(70.056) 2 +(-36.154) 2 +(-16.572) 2 +(5.824) 2 ]j = 80.930 kN 
k 2 = [(V 2l f + (V 22 ) 2 + (V 23 ) 2 + (V 24 ) 2 f 

= [(59.781) 2 +(6.927) 2 +(27.632) 2 +(5.824) 2 ]2 = 68.110kN 
V 3 = [{V 3 f+{V 32 ) 2 +{V 33 ) 2 +{V 34 ) 2 f 

= [(40.738) 2 +(42.127) 2 +(— 1.867) 2 +(21.796) 2 ]5 = 62.553 kN 
V 4 = [(V 41 f + (V 42 f + (V 43 f + (¥,,) f 

= [(15.7202) 2 +(27.207) 2 +(-26.385) 2 +(-21.878) 2 ]j = 48.11 kN 

Similarly, using Eqs. (4.96), (4.97), (4.98) and (4.99), the CQC method yields the 
following results: 

Vi = 80.71; V 2 = 66.62; V 3 = 62.96; V 4 = 48.49 
while keeping in mind 



'Pn 


@12 


P 13 


@14 




- l 


0.0073 


0.0031 


0.0023' 


@ 2 \ 


@22 


@23 


@24 




0.0073 


1 


0.0559 


0.0278 




@ 32 


@33 


@34 




0.0031 


0.0559 


1 


0.2597 


-@ 41 


P 42 


@43 


@ 44 - 




.0.0023 


0.0278 


0.2597 


1 



Step 7 Determination of lateral forces at each storey 

The design lateral forces g roof and Q x , at roof and at ith floor, respectively, are 
calculated as 



Qwof = Qi and Qt = V t - V i+1 
Square root of sum of squares (SRSS) 



2roof = 24 = v 4 = 46.499 kN 
2fioor3 = Qs = V 3 - V 4 = 62.553 - 48.11 = 14.44 kN 
gfioori = F\ — V\ - V 2 = 80.930 - 68.11 = 12.820 kN 
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Complete quadratic combination (CQC) 



groof = F 4 =V 4 = 48.48 - 0 = 48.48 kN 

2roof3 =F 3 = V 3 -V 4 = 62.95 - 48.48 = 14.47 kN 

groof2 = F 2 = V 2 - V 3 = 66.61 - 62.95 = 3.66 kN 

groofi =F X = V i -V 2 = 80.70 - 66.61 = 14.09 kN 



Frame considering the stiffness of infills 

The frame considered in the previous section is again analysed by consider- 
ing the stiffness of infill walls. The infill is modeled as an equivalent diagonal 
strut. 

All the above are still adopted except that the stiffness of the infill is included. 
Equations (4.103), (4.104) and (4.105) are utilized. 



h 

h 



a h 



a/ 






A 



Moment of inertia of columns = -^-(0.25 x 0.45 3 ) = 0.001893 m 4 

12 v A 

Moment of inertia of columns = ^(0.25 x 0.40 3 ) = 0.001333 m 4 

1/4 

= 0.61 1 m 



[13,800 x 0.25 x sin 2 x 35 
^ y^h + U\ = 0.7885 m 
Cross — sectional area of diagonal stiffness 
B ws xt = 0.7885 x 0.25 = 0.1972m 2 



22,360 x 0.001893 x 3.5 



2 [2 x 13, 800 x 0.25 x sin2 x 35 
22,360 x 0.001333 x 5.0 i 1/4 



Id 



Diagonal length of strut = 




l 2 = 6.103 m 



Therefore, stiffness of infill is 



AE m 
Id 



cos 2 9 



0.1972 x 13,800 x 10 6 
6.103 



0.819 2 = 299,086.078 x 



10 3 N/m 



For the frame with two bays there are two struts participating in one direc- 
tion, total lateral stiffness of each storey 



k l =k 2 = ki=k 4 = 3 x 1 1, 846.758 + 2 x 299, 086, 078 = 633, 712.430 
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Similarly the quadratic equations are formed as above: 
oo\ = 1,442; col = 11,698; oo\ = 26,227; co\ = 36,719 are the eigenvalues. 



Eigenvectors ® are of matrix form adopted, the natural frequency [co] in rad/ 
s is formulated. 

Using the time period T matrix above, the modal participation factors are 
computed: 



r i = 14.40; r 2 = 4.30; T 3 = 1.95; T 4 = -0.68 
Similarly the modal masses are evaluated. The new values will be 



Mi = 207.60; M 2 = 18.54; M 3 = 3.82; M 4 = 0.47 
In a similar manner the modal mass contributions are the same 



Mode 1 = — = 0.90 (90%); Mode 2 = — = 8.04% 
M M 



Mode 3 = — 0.0165 (1.65%); Mode 4 = ^ = 0.002 (0.2%) 

M M 



Design force (lateral) at each floor in each member is the same 



Qik = Ak^ik^kWi 

Ti = 2.5, T 2 = 1.871, T 3 = 1.581, T 4 = 1.491 



J ag 





” 1.7922” 




'-32.511 




33.215 




-26.342 


Qn = 


43.637 


; Qn 


11.167 




_27.419_ 




_ 20.360 




” 1.7922” 




'1.7922' 




33.215 




33.215 


Qi3 = 


43.637 


■ Qi4 = 


43.637 




27.419 




27.419 



(kN) 



(kN) 



Hence the shear forces for the first mode (kN) 
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V\ i = 122.144" 




' V 12 = -27.326" 


V 2 \ = 104.271 


; Va = 


V 22 = 5.183 


V 3l = 71.056 




V 32 = 31.527 


V 4 \ =27.418 




_ V 42 = 20.360 


V\ 3 = -10.486' 




' V u = 3.476 


V 23 = 17.486 


; V i4 = 


V 24 = -4.5041 


V 33 = -1.181 




F 34 = 13.007 


V 43 = —16.695 




F 44 = —13.056 



Strong shear force due to all modes is similarly determined 

(B) Shear FORCE : Summary 

V\ = 125.698 kN 
V 2 = 106.280 kN 
V 3 = 78.826 kN 
V 4 = 40.195kN 

(C) Summary of SRSS and CQC 

Following the above procedure based on SRSS and CQC methods, the follow- 
ing results have been summarized: 

SRSS 

Qroot=Q4= F 4 = 40-195kN 
gfloors = Q 3 = v 3 - V 4 = 38.630 kN 
0fioor2 = Qi=V 2 -V 3 = 27.453 kN 
0fioori =2t = V l ~V 2 = 19.418 kN 

CQC 

40.961 kN 
38.161 kN 
26.852 kN 
19.535 kN 
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Chapter 5 

Dynamic Finite Element Analysis of Structures 



5.1 Introduction 

Because of the large number of computer runs required for dynamic analysis, it is 
very important that accurate and numerically efficient methods be used within 
computer programs. These methods have been described adequately. Equation 
of motion for various structures with seismic devices is given. Their functions are 
identified when various solution procedures are used. Some of the solution 
procedures popularly adopted by various resea rches are explained. A complete 
finite element procedure is given which can easily be linked to typical dynamic 
analysis chosen for a specific case study. These analyses are generally adopted by 
many well-known finite element computer packages. The analysis given has the 
flexibility to be adopted in any new package in the offing. Computer subroutines 
can be developed to link the main finite element analysis package with the 
performance of specific seismic devices. Many computerized finite element 
packages have such facilities. The purpose of this chapter is to give credit to the 
power of finite element in the use of earthquake-resistant structures. 

Part A: Analysis with solution procedures 

Dynamic Elastic Analysis with and without Seismic Devices 



5.2 Dynamic Equilibrium 
5.2.7 Lumped Mass system 

The force equilibrium of a multi-degree-of-freedom lumped mass system as a 
function of time can be expressed by the following equation: 

/Mi +/Mn +/Ms =/M (5-1) 

in which the force vectors at time t are 

f{t) l is a vector of inertia forces acting on the node masses 
f{t) D is a vector of viscous damping forces 
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f(t) s is a vector of forces carried by the structure 
f(t) is a vector of externally applied loads 

Equation (5.1) is valid for both linear and non-linear systems if equilibrium is 
formulated with respect to the deformed geometry of the structure. 

For linear analysis, Equation (5.1) can be written, in terms of nodal displace- 
ments, in the following form: 



in which M s is the mass matrix (lumped or consistent), C is a viscous damping 
matrix (which is normally selected to approximate energy dissipation in the real 
structure) and K s is the static stiffness matrix for the system of structural 
elements. The time-dependent vectors u{t) a ,u(t ) a and u(t) a are the absolute 
nodal displacements, velocities and accelerations, respectively. 

For seismic loading, the external loading f(t) is equal to zero. The basic 
seismic motions are the three components of free-field ground displacements 
u(t) ig that are known at some point below the foundation level of the structure. 
Here, one can write Eq. (5.1) in terms of the displacements u(t), velocities u{t) 
and accelerations u(t) that are relative to the three components of free-field 
ground displacements. 

Therefore, the absolute displacements, velocities and accelerations can be 
eliminated from Eq. (5.2) by writing the following simple equations: 



where /, is a vector with ones in the ‘f directional degrees of freedom and zero in 
all other positions. The substitution of (5.3) into (5.2) allows the node point 
equilibrium equations to be rewritten as 

m s u(t) + cu(t) + k s u(t) = —m x u{t) xg - m y u(t) yg - m : u(t) zg (5.4) 

where m,- = m s Ii. 

The simplified form of Eq. (5.4) is possible since the rigid body velocities and 
displacements associated with the base motions cause no additional damping or 
structural forces to be developed. 

5.3 Solution of the Dynamic Equilibrium Equations 

There are several different methods that can be used for the solution of (5.1). 
Each method has advantages and disadvantages that depend on the type of 
structure and loading. 



M s u(t) a + Cu(t) a + K s (t)=f(t) 



(5.2) 



u (t)a = “W + + h^yg + 7 - M Wzg 

“W a = “(0 + + h^yg + 

u(t) a = U(t) + I x u{t) xg + IyU(t) yg + I z u(t) zg 



(5.3a) 

(5.3b) 



(5.3c) 
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5.3.1 Mode Superposition Method 

The most common and effective approach for seismic analysis of linear struc- 
tural systems is the mode superposition method. This method, after a set of 
orthogonal vectors are evaluated, reduces the large set of global equilibrium 
equations to a relatively small number of uncoupled second-order differential 
equation. The numerical solution of these equations involves greatly reduced 
computational time. 

It has been shown that seismic motions excite only the lower frequencies of 
the structure. Typically, earthquake ground accelerations are recorded at incre- 
ments of 200 points/s. Therefore, the basic loading data do not contain infor- 
mation over 50 cycles/s. Hence, neglecting the higher frequencies and mode 
shapes of the system does not introduce errors. 

The dynamic force equilibrium, Equation (5.4), can be rewritten in the 
following form as a set of N second-order differential equations: 



All possible types of time-dependent loading, including wind, wave and 
seismic, can be represented by a sum of J space vectors fj*, which are not a 
function of time, and / time function g (t)j, where J cannot be greater than the 
number of displacements N. 

The number of dynamic degrees of freedom is equal to the number of lumped 
masses in the system. Some publications advocate the elimination of all mass- 
less displacements by static condensation prior to the solution of Eq. (5.5). The 
static condensation method reduces the number of dynamic equilibrium equa- 
tions to solve; however, it can significantly increase the density and the band- 
width of the condensed stiffness matrix. 

For the dynamic solution of arbitrary structural systems, however, the 
elimination of the massless displacement is, in general, not numerically efficient. 
Therefore, the method of static condensation should be avoided and other 
methods can be used. 

The fundamental mathematical method which is used to solve Eq. (5.5) is 
separation of variables. This approach assumes that the solution can be 
expressed in the following form: 



where O is an “A by L n matrix containing L spatial vectors which are not a 
function of time and Y (0 is a vector containing L functions of time. 

From Eq. (5.6a) it follows that 



N 




(5.5) 



u{t) =07(0 



(5.6a) 



ii{t) =07(0 



(5.6b) 
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and 



u{t) =07(0 (5.6c) 

Prior to solution, it is necessary that the space functions satisfy the following 
mass and stiffness orthogonality conditions: 

<D t "M 3> = 1 and O t "A'cI) = ft (5.7) 



T = Transpose 

where / is a diagonal unit matrix and Q 2 is a diagonal matrix which may or may 
not contain the free vibration frequencies. It should be noted that the funda- 
mentals of mathematics place no restrictions on these vectors, other than the 
orthogonality properties. Here, all space function vectors are normalized so 

y// 

that the generalized mass (j) n Mf n = 1 . 

After substitution of Eq. (5.6) into Eq. (5.5) and the premultiplication by 0 T 
the following matrix of L equations are produced: 

IY{t) + dY{t) + = X>««>/ (5-8) 

7=1 

where Pj = ® T "f* and are defined as the modal participation factors for time 
equation j. The term P nj is associated with the nth mode. 

For all structures the “square” matrix [d] is not diagonal; however, in order 
to uncouple the modal equations it is necessary to assume that there is no 
coupling between the modes. Hence, it is assumed to be diagonal with the 
modal damping forms defined by 

dnn = ( 5 * 9 ) 

where £„ is defined as the ratio of the damping in mode n to the critical damping 
of the mode. 

A typical uncoupled modal equation, for linear structural systems, is of the 
following form: 



j 

y{t)n + n(O n y{t)n + = $3 P njg(t)j (5.10) 

]= 1 

For three-dimensional seismic motion, this equation can be written as 

y(t)n + 2 ZnG>ny(t)n + = P n X u(t) gx + P ny u{t) gy + P nz U{t) gz (5.11) 

where the three mode participation factors are defined by P ni = f n Mi in which i 
is equal to x, y or z. 
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Prior to presenting the solution of Eq. (5.10) for various types of loading it is 
convenient to define additional constants and functions which are summarized 
in Table 5.2. 



y(t) + 2£c oy{t) + c o 2 y(t) = 0 



(5.12) 



Table 5.1 Formulae for coefficients (Based on Wilson of the University of California, U.S.A.) 
A reference is made to Fig. 5.1 

A = C — s j n C0D ^t + cos co D At > 

j 

B = j^sincaoA/ j 

c = t [{^S - sinc0DAt ~ { 1 + i} cos( °DAt | 

D = k { 1 - + e ~ iaM \^KT sin t + ^ ^ cos co D A t] } 

A 1 = | _a± _ g j n (OD \i | 

B' = e _, -®" A, (cosQ)£)A? — = sina>flAg| 



C — I J _ J_ _l_ p-£o) n At 
L — K } At'^ 



{ Jte + a (A 1 ?} sm + A *' cos 0JdA [ } 



D' — J- 
7 y _ A'A; 



1— e ^^L^sincopA/ + cosco^A/ 



The numerical solution for the dynamic equation co n \ = ^j Kl / Mi 
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Table 5.2 Summary of parameters used in dynamic Response Equations 



Constants 



COD = coy/l -<f (O = <»{ £ = do = ^ 



OJD = CD 



d\ = 1 + do d 2 = — ^ — d2/(DD Cl4 = —d\ 



d 5 = -d 0 d 6 = - d 2 d 7 = ~£d 5 - d 6 /0J D d$ = ~d 5 



dg = (0 2 „ — CD 2 do = 2 CDCD 



S(t) = e sin (co D t) S(/) = —co(t) + coj)C(t) 



C(t) = e ^ ax cos (coot) C(t) = —coC(t) — coDS(t) 



Ai (t) = (t) + £S(t) S(t) = -d 9 (t) - dioC(t) 



Function 



A 2 (0 = ^ W C (‘ ) = ~ a 9{t) + a 10 S(t) 



in which the initial modal displacement j 0 and velocity jo are specified duing 
previous loading acting on the structure. Note that the functions S(t ) and C(t ) 
given in Table 5.2 are solutions to Eq. (5.12). 

The solution of (5.12) can now be written in the following compact form: 



This solution can be easily verified since it satisfies equation (5.12) and the 
initial conditions. 

Typical modal loading R(t) can be associated as 



where the modal loading R(t) is a piecewise linear function as shown in Fig. 5. 1 . 
and Table 5.2. 

The recurrence formulas written to obtain the response in a single-degree-of- 
freedom system based on the interpolation of the excitation function are given 
below: 

The coefficients A, B, C, D, A', B', C\ D', depend on the system parameters and 
and on the time interval. Wilson of University of California gave these values 
which are listed in Table 5.1. 




(5.13) 



y(t) + 2 ^coy(t) + c o 2 y(t) = R(/) 



(5.14) 
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Fig. 5.2 View of the three-dimensional computer model of a frame or floor 

Linear Interpolation of Excitation 

The numerical solution for the equation is obtained as follows after determining 
the values: 



CD n 



\fk\Jrn x 




37.975 rad/ sec 



The time step is taken as the time step of the time history, i.e. At = 0.01 s 
The coefficients obtained for equation are 



A = 0.9296, B = 0.009597, C = 0.0000324, D = 0.0000164 
A! = -13.812, B' = 0.8932, C = 0.0047, D' = 0.004878 



Substituting the coefficients obtained in the recurrence formulas for displace- 
ment and velocity, one gets the response of the uncoupled equation in normal 
coordinate (q). 
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5.4 Step-By-Step Solution Method 

The most general solution method for dynamic analysis is an incremental 
method in which the equilibrium equations are solved at times At, 2A t, 3A t, 
etc. There are a large number of different incremental solution methods 
described in this chapter. In general, they involve a solution of the complete 
set of equilibrium equations at each time increment. In the case of non-linear 
analysis, it may be necessary to reform the stiffness matrix for the complete 
structural system for each time step. Also, iteration may be required within each 
time increment to satisfy equilibrium. As a result of the large computational 
requirements it can take a significant amount of time to solve structural systems 
with just a few hundred degrees of freedom. 

In addition, artificial or numerical damping must be added to most incre- 
mental solution methods in order to obtain stable solutions. For this reason, 
engineers must be very careful in the interpretation of the results. For some non- 
linear structures, subjected to seismic motions, incremental solution methods 
are necessary. 

For very large structural systems, a combination of mode superposition and 
incremental methods has been found to be efficient for systems with a small 
number of non-linear members as stated by Wilson of University of California. 

The response of real structures, when subjected to large dynamic loads, often 
involves significant non-linear behaviour. In general, non-linear behaviour 
includes the effects of large displacements and/or non-linear material 
properties. 

The more complicated problem associated with large displacements, which 
cause large strains in all members of the structures, requires a tremendous 
amount of computational effort and computer time to obtain a solution. How- 
ever, certain types of large strains, such as those in rubber base isolators and gap 
elements, can be treated as a lumped non-linear element by the fast non-linear 
analysis (FNA) method. 



5.4.1 Fundamental Equilibrium Equations 

The global dynamic equilibrium equations, at time t, of an elastic structure with 
non-linear or energy-dissipating elements are of the following form: 

Looking at Eq. (5.2) it is now rewritten as 

MU(t) + C in (t) + K n (t) + R(t) n = R(t) (5.15a) 

All elements in the equation have already been defined. In addition R(t) is the 
external applied load where R(t) = F{t) = Zffjg{t)j. R(t)N is the global mode 
force vector due to the sum of the forces in the non-linear elements and is 
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computed by iteration at time t. The solution of structural systems with a 
limited number of non-linear elements is summarized below. 

The first step in the solution of Eq. (5.12) is to calculate a set of “m” 
orthogonal Ritz vectors, O , which satisfy the following equations of Eq. (5.7): 

® t "m ® = 1 and (5.16a) 

(I> t "k ® = Q 2 (5.16b) 

where / is a unit matrix and Q 2 is a diagonal matrix in which the diagonal terms 
are defined. 

The result is of great importance for the interpretation of the behaviour of 
isolated buildings and for their preliminary design: and for the usual spectral 
shapes, the isolation system can be designed for a maximum displacement equal 
to , and the superstructure for a shear coefficient equal to . These values could 
have been obtained with reference to a simple oscillator, whose mass is equal to 
the total mass of the superstructure and the stiffness and damping are equal to 
the corresponding quantities of the isolation system. 

The interstorey drift, on which the damage produced by an earthquake 
depends, is proportional to the frequency ratio \[B and to the maximum base 
displacement. 



5.4.2 Supplementary Devices 

Supplementary devices are installed separately from isolators to complete the 
isolation system. Very often they are made of simple energy-dissipating ele- 
ments (EDEs). EDEs are sometimes embodied in isolators to improve their 
energy-dissipating capabilities and avoid the use of separate devices. They have 
to be within the finite element systems equations. 



5.4.2. 1 Design Seismic Action Effects on Fixed-Base and Isolated Buildings 

The stresses on fixed-base framed structure and on a similar isolated structure 
need to be compared in terms of base shear on the superstructure. Therefore, 
the ratio between the design spectral accelerations of a fixed-base structure 
multiplied by the effective mass ratio and that of a similar seismic-isolated 
structure divided by the behaviour factor of 1.5 for the superstructure is 
calculated, where is the period of the fixed-base structure and the period of 
the isolated structure. The effective mass ratio is taken as equal to 0.85, as 
prescribed for the equivalent linear static analysis, if the structure has at least 
two storeys and its vibration period is . It is taken equal to 1 for the isolated 
structure. 
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The comparison is referred to both the damage limit state (DLS). For the 
ULS of the fixed-base structure, the design spectral ordinate depends on 
the behaviour factor q , which is related to the ductility class and to the 
regularity of the superstructure along the height. The comparison is 
referred to the higher value of q for concrete structures. Thus, the case 
with 



q = 4.5a v /oq 



(5.16c) 



(ductility class high and regular frames) is examined, assuming the default 
value 04 /ai = 1.3. Reference is made to a typical rubber isolation system, 
having an equivalent viscous damping ratio equal to £ = 10%, resulting in 
a reduction factor of the spectral ordinate n = 0.816. The seismic force 
ratio as suggested by Wilson of the University of California is then given 
by 



1.56S g (7bf) for T b < T bf < 2T C 
QS e {T&) and£ eff =10% 



(5.17) 



As far as the DLS is, no reduction factor q has to be considered, and the seismic 
shear ratio becomes 



Rdls = 1.04 



S e (T b f) 
S e (T e ff) 



for T b < T bf < 2T C 
and £ eff = 10% 



(5.18) 



Looking at equations (5.17) and (5.18) it is clear that the period ratio plays 
a primary role in deciding the economic convenience of seismic isolation, 
as the spectral ratio depends mainly on it. Moreover, the advantages of 
seismic isolation are much more remarkable for the DLS, since no q factor 
enters into the equation, which results in the higher the effective period, 
the more favourable the RULS ratio becomes to seismic isolation. Focus- 
ing attention on the usual range of application of rubber isolation, and 
considering an isolation ratio of at least 2, it can be seen that the seismic 
force ratio RULS varies between 0.63 and 3.0 for ground type A and 0.54 
and 1.5 for ground type D as suggested by Wilson of University of 
California. 

As mentioned above, to obtain RULS, it is multiplied by about 4. Values 
of RULS much higher than 1 (ranging from 2.5 to 12 and from 2.2 to 6 
for the situations above) are then obtained, emphasizing the significant 
advantages provided by seismic isolation in terms of non- structural damage 
control. 
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Solution Procedures 

Several solution procedures are available for earthquake problems associated 
with finite element techniques. The most acceptable ones include implicit 
dynamic integration method and a number of others as described with this 
chapter. Runge-Kutta method is also widely used for the dynamic analysis 
problems. Loaddependent Ritz vector is also used for dynamic non-linear 
solutions. Typical methods, four is total, are listed in Table 5.3. 



Table 5.3 Summary of non-linear solution algorithm 

1 . Runge-Kutta method 

2. Non-Linear Algorithm using Ritz Vectors 

3. Incremental method 

4. Wilson-0 method 

Note: There are many others, dependent various self programs 
selected by the commercial computer packages. 



5.5 Runge-Kutta Method 
5.5.7 Introduction 

The very useful and flexible numerical method that one can describe was first 
introduced by C. Runge at the turn of the century and subsequently modified 
and improved by W. Kutta. It is essentially a generalization of Simpson’s rule, 
and it can be shown that the error involved when integrating over a step of 
length h is of the order of h 5 . The method is simple to use and, unlike the 
predictor-corrector method, allows adjustment of the length of the integra- 
tion step from point to point without modification of the method which is 
useful for the solutions of stiff differential equations meted out in seismic 
problems. 

The Runge-Kutta method readily extends to allow the numerical solution 
of simultaneous and higher-order equations. Suppose the equations involved 
are 




(5.19) 



ii = siw 



(5.20) 



subject to the initial conditions y = y 0 , z = z 0 at x = x 0 
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Then, with a step of length h in x, define 

k\n =f(x ni y ni z n )h 

k 2 n — f(p^n T T -^Kln^n T 2 K\n)h 
k 3n =f(x n + \h,y n + \k 2n z n + 

*4 n = f( x n + h, y n + k 3n , z w + K 3n )h 

and 

= g{x n ,y n ,z n )h 

K 2n g{x n + iA, + 5 *i« ,*« + 5^1/1) A 

2 2,2/ (5.22) 

^3w — g{p^n T 2 ^’ T 2*2«,^/i "h 2 Km)h, 

^4« = g(xn T k^y n H- k 3ni z n -f- K 3n )h 

The following formulae are then used to compute the increments Ay„ and Az„ 
in y and z: 

= - (k\ n + 2^2« + 2k 3n + *4«) (5.23) 

o 

and 

Az w = - (A) w + 2K 2n + 2K 3n + Kfa). (5.24) 

6 

The values of y and z at the (n + l)th step of integration are y n+ \ = y n + Ay, 

z w _|_i = z w + Az w . 

These results may also be used to integrate a second-order equation by 
introducing the first derivative as a new dependent variable. Suppose 
y" — 2y' + 2y = Q with y(0) = y'(0) = 1. Then setting y' = z, the second-order 
equation is seen to be equivalent to the two first-order simultaneous equations 
y' = z and z f = 2(z — y), with y(0) = 1 and z(0) = 1 Eqs. with /z = 0.2, f=z , and 
g=2(y—z) in determine /( 0.2) 



(a) 

(b) 

(c) 

(d) 



(5.21) 



M, = 0.2, 


K 11 


= 0 


(a) 




'21 = 0.2, 


K 21 


= -0.04 


(b) 


(5.25) 


; 31 = 0.196, 


*3! 


= -0.048 


(c) 




: 4 i = 0.1904, 


*41 


= -0.0976 


(d) 





1 . Initial Calculation - Prior to step-by-step solution 

a. Calculate “L” Load-Dependent Ritz vectors for the structure without the 
non-linear elements. 

b. Calculate the n x “L” B matrix, where “n” is the total number of degrees 
of freedom within all non-linear elements. 

c. Calculate 12 integration constants oq . . . cc\ 2 
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2. Non-linear solution at times At , 2 At, 3 At 
Taylor series to estimate solution at time 



(Om = u (t - At) m +Atu(t - Ar) m +y u{t - A t)„ 



(5.26) 

(5.27) 



Wm = “7 - At) m +Atu{t - At) m 

For iteration calculate non-linear deformations and velocities 

d(t) 1 = i?w(f) z and 3(t) r = Bu(t) 1 (5.28) 

Based on the deformation and velocity history in non-linear elements calculate 
non-linear forces. F(ti) n 
Calculate new modal force vector 



Fit)* = F{t) - B T F{ti) 2 
Solve modal equation for new 

u(t)\ u(t)\ u(t y 

Calculate error normalized 



F — 



e Wt\ - e m 

m = 1 m = 1 

e mu 

m= 1 



--I 



(5.29) 



(5.30) 



(5.31) 



Where the tolerance Tol is specified 

1. If E rr > Tol go to step with i = i + 1 

2. If E rr < Tol go to step with t = t + At 



(5.32) 



5.6 Non-linear Response of Multi-Degrees-of-Freedom Systems: 
Incremental Method 

The Wilson-0 method is suggested initially for the solution of the structure 
modelled by assuming that the acceleration varies linearly over the time interval 
from t to t + Odt, such that0 > 1 . For a value of 6 > 1.38, the Wilson-0 becomes 
unconditionally stable. Consider the difference between the dynamic equili- 
brium conditions at time t t and U + Odt. The following incremental equations 
are obtained on the lines suggested earlier. 

+ [C\{u} t {8 il t }, + = WM} (5.33) 
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where 3 is the increment associated with the extended time 63 1. Thus 

c{3u[} 2 = {u{ti + 05t)} - {u(ti)} (a) 

{Su'i} = {u(ti + 68t)} - {u(t 2 )} (b) (5.34) 

{3iii} = {u{ti + 08t) — {u(ti)} (c) 

The incremental force is given by 

{SF 2 {t)} = {Hu + OSt)} - {Hu)} (5.35) 

As shown in Fig. 5.3(a) and (b), both stiffness and damping are obtained for 
each time step as the initial values of the tangent to the corresponding curves. 
These coefficients are given as 

{ktj} = {SF ti /3uj} (5.36) 

{Cij} = { SFa/Suj } (5.37) 

During the extended time step the linear expression for the acceleration is 

{u(t)} = {ii t } + [3ui/63t(t - ti )] (5.38) 

The value of Sx't is taken from equation. Integration of equation gives the 
following equations: 

{«(')} = {*/} + {Si(* - + X it - u) J (5.39) 

{u(t)} = { Ui } + {ii{t - ti)} + j^M/(* - ti ) 2 1 + X (/ - ^) 3 | (5.40) 

At the end of the extended interval ti = t t + 63 1, are equations reduced to 

3iii = Ui63t + \3ufi3t (5.41) 

du) = UjQ&t + \ui{65t ) 2 + \dui(0dt) 2 (5.42) 

The values of , and 3(x t are given in (5.41) and (5.42). By substituting the 
expression for 3u t , from (5.41) into (5.42), the following equations are obtained: 



{Su[} = | [6 /(65t) 2 j (6/(0<5?) 2 ] «,} - 3 {ui} 



{<5w'} = {(3 /QSt)8ui} - 3 {ui} - r 2 6dt{iii} 



(5.43) 

(5.44) 



The incremental acceleration for the time interval 3t can be obtained from 

{<5(m)} = {8%/e} (5.45) 
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(a) F di (b) F$t . 





(c) u(t) 



t 




Fig. 5.3 Wilson - 6 method; (a) values of cy\ (b) value of ky, (c) linear acceleration 



The incremental velocity and displacement for the time interval St are given by 
{Sui} = {iiiSt} + ^{SujOSt} + \{Sui(0St) 2 } (5.46) 

{u i+ 1 } = {ui} + {Sui} at the end of the time step (5.47) 



{w/+ 1 } — {uj} + {Sui}; 6+1 — U + St (5.48) 
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The following dynamic results: 

{<5^'(0} + {M}{ 6/ (0<5f)}{t/-} + 3 {Hi} + [C\{3{iii} 

+(3/05/) = {[^1/ + 6/05^ + x 

Hence the initial acceleration for the next step is calculated at time t + St as 

{Ui + 1} = [M]- 1 [F i+l (0] - [C] m {u i+l } - [A] m {« /+ i} (5.50) 

damping stiffness 

force force 

vector vector 

The procedure is repeated for t i+ 2 , etc. for the desired time. 

5.7 Summary of the Wilson- 0 Method 

In order to summarize the Wilson-0 integration method, the following step-by- 
step solution should be considered with the dynamic, impact and explosion 



analysis of the structures. 

(1) Assemble [K], [M] and [C]. (a) 

(2) Set the initial values of and F$(t), w 0 , Uq. (b) 

(3) Evaluate 3c 0 using (c) 

[M][x 0 ] = [FoW] - [C]{x 0 } - [K]{x 0 } (d) 

(4) Select a time step St (usually taken as 1.4) and evaluate 

OSt.ai = 3 /(08t), a 2 = 6/(08t), a 3 = 08t/ 3, a 4 = 6 (98t) 2 (e) 

(5) Develop the effective stiffness matrix, [K] eff 

[K]eff = [K] + a 4 [M] + ai[C] (f) 

where [K] = [K\ and 0 for elastic and plastic, respectively. 

(6) Calculate 8Fi(t ) for the time interval t\ to t\ + 05 1 



mm = mo}/+i + [{^(0} i+ 2 - moi/ + i(0 - i)i - imv (g) 

(7) Solve the incremental displacement {5ui} and the incremental acceleration 
{Sod'} for the extended time interval 05t. 

(8) Calculate {Si i}. 

(9) Calculate the incremental velocity and displacement. 

(10) Calculate {u i+ \} and for the time t i + \ = t f + St from equations and 
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(11) Calculate {ii i+ 1 } at time t t _\ =ti + 5t from the dynamic equilibrium 
equation. 

A typical numerical example is shown in Table 5.4 where quadratic and cubic 
functions are considered instead of the linear function. 

Table 5.4 Elasto-plastic analysis 



R 




Increasing displacement x >0 
Decreasing displacement x < 0 
(plastic) in tension = R t /K 

R e are restoring forces in tension and compression, respectively 
Let K = 3.35 kN/mm; R t = R e ; M = 0.5 kNs 2 /mm 
= damping coefficient = 0.28 kNs/mm 
x = 0 in the initial case 
= 0 

u t = 15/3.35 mm; = -4.48 mm; 

In y/(M/K) = 27^(0.5/3.35) = 2.43 s 

For convenience, dt = 0.1s 

[K\ eff =[K} + a,[M\ + a x [C] 

= [^+(6/0.1) 2 )0.5 + (3/0.1)0.28 



where [AT] p = 0 for plastic 

= [^+350 + 8 . 4 (^ 2 ( 0 } 

= [%+308.4 

{dF,{t)} = (<5F(/)} + (j t M + 3c)w + (3 M + <%c)ii 
= (5F(t)} + 3.84„ + .1514 + u 
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Table 5.4 (continued) 

The velocity increment is given by 



Su = (3/St)Su§ — 3iii — (dt/2)u\ 

=(3/0.1)5m/-3m/(0.12)ui 
=30 dui — 3 iii — 0.05ii, 

The results are obtained on the basis of the above two equations of force and velocity 
increment. The step-by-step procedure is covered in Section 3.4.6 and the results are tabulated 
as follows. 

t F{t) x x R x [K p ] [K e ff ] SF(t) 5F(t) Sx Sx 



5.8 Dynamic Finite Element Formulation with Base Isolation 

Seismic response of the base-isolated buildings, excited unidirectionally 
with these ground motions can be obtained by means of computer program 
ISOPAR-II. This program is given a detailed review in the Appendix. 

The following assumptions are made in this software for the analysis of base- 
isolated buildings: 

(i) The superstructure is elastic at all times and the non-linear behaviour is 
restricted in isolators only. 

(ii) All framed substructures are connected at each floor level by a diaphragm, 
which is infinitely rigid in its own plane. 

(iii) Each floor has three degrees of freedom (two translations and one rotation) 
attached to the centre of mass of each floor. 

(iv) The isolation devices are rigid in the vertical direction and have negligible 
torsion resistance. 

The equations of motion for the elastic superstructure are expressed in the 
following form familiar from the dynamic equations stated earlier inclusive of 
ground acceleration. 



M u + C u + K u — —MR\u g -\- Ub} 



(5.51) 



where 

M = mass matrix for superstructure 
C = damping matrix for superstructure 
K = stiffness matrix for superstructure 
R = the matrix of influence coefficient 
u = the vector of floor displacement relative to base 
u b = the vector of base displacement relative to ground and 
ii g = the vector of ground acceleration 
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The equations of motion for the base are 

R T m [{u} + R{ub + Ug}\ + [Mb\{ub + u g } 

+[Cb\{u b } + [kb\{ub} + {/} = 0 



(5.52) 



where 

M b = mass matrix for base isolation system 
C b = damping matrix for base isolation system 
K b = stiffness matrix for base isolation system and 
/ = the vector containing the forces mobilized in the non-linear elements 
of the isolation system 



Employing modal reduction 



U = (j)U 



(5.53) 



where 

(f) = the modal matrix normalized with respect to the mass matrix and 
u = the modal displacement vector relative to the base and combining 
equations the following equation is obtained: 



w 

R T " mcj) 



rpll 

<f> mR 
R r "mR + M b 




2 

0 



o 1 r 

C b J l u b 



} 



+ 



o 




r rll 

(j) mR 
R T mR + m b 



g ) 



(5.54) 



5.9 Added Viscoelastic Dampers (VEDs) in Seismic Buildings 
5.9.1 Introduction 



The effect of supporting braces on the controlled efficiency of VEDs is investigated. 
It is, on the basis if available evidence, considered that when sufficient stiffness 
cannot be provided for the supporting braces, if required, the flexibility of the brace 
should be considered in the design of the VED to achieve the desired performance 
of the building. Sometimes it is necessary, if compensation is needed, to reduce the 
size of the supporting brace to increase the additional VED size. 

The viscoelastic damper (VED) is acknowledged as one of the most efficient 
energy-absorbing devices for building structures against dynamic loads such as 
earthquake or wind. Previous studies have shown that the efficiency of an added 
VED can be greatly enhanced by applying properly sized dampers to proper 
locations. Zhang and Soong and Shukla and Datta have proposed optimal 
location and size of the VED. 
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5.9.2 Generalized Equation of Motion when Dampers Are Used 

Equations (5.1), (5.42) and (5.44) are modified to include the influence of the 
damper under consideration. The equation of motion of an ^-degree-of-free- 
dom building structure with supplementary dampers installed at different loca- 
tions and subjected to ground excitations at the base can be written as 

me 

m s u s {t) + c s u(t ) +k s u s (t) + dip dr{t) = — m s e gi u g (t ) (5.55) 

d= 1 



where m s , k s and c s , respectively, represent the nxn mass, stiffness, and inherent 
structural damping matrices of the building structure. u g (t) = ground accel- 
eration time history; e = ground motion influence coefficients; and u s {t) = n- 
dimensional relative displacement response vector measured with respect to the 
base. 

A dot over a quantity indicates time derivative of the quantity. p c ir{t) repre- 
sents the force in the damper at the dth location, and there are N number of 
possible locations where the devices can be installed on the structure. The 
influence of the damper force on the structure is considered through the n- 
dimensional influence vector. It is assumed that the structural system behaves 
linearly under earthquake-induced ground excitation. 



5.9.3 System Dynamic Equation with Friction Dampers 

The governing equation of motion given earlier in this chapter such as Eq. (5.1) 
can now be slightly modified for the whole system (superstructure of the 
building, sliding support and semi-active/passive dampers) and can be stated 
as without dampers (semi-active or passive) but sliding included of the building 
support 

[m\{u} + [c]{w} + {. P d (u )} = -[m\[I\{ug) (5.56) 



in which 

[m\ = mass matrix; [c] damping matrix 
{u} = linear case 
[k\ = elastic stiffness matrix 
{u} T = displacement vector 

/ = identity matrix or unit diagonal matrix 

The differential equations of motion (5.49) are solved in incremental form by 
employing the Newmark-Beta method assuming a constant average accelera- 
tion over a short time interval. In convergent process the Newton-Raphson 
method is used for the solution of the non-linear problem and the iteration 
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continues to a specified number of iterations or when the tolerance reaches an 
acceptable value. An energy tolerance is used to terminate the iterations if 
convergence is achieved. The Runge-Kutta method can also be used for these 
dynamic equations. 

(a) Basic elements of the dampers 

where/ and y t are the control force and the deformation of the damper-brace 
system, respectively, q f is the horizontal displacement of the ith story, Q t is the 
inclination angle of the brace, and are the stiffness of the brace, the stiffness and 
damping coefficient of the VED, respectively. 



-v 




■v 





— \ — 






r~ — 


— ► u 








aV 




V 







►Ui P di 



K d or K bi Cd A d 



F(t) 



-AAAA- 

-AAAA- 






O— i— F (‘) 

dl 



Ai A 2 

Deformed state 

(a) Basic Elements of the Dampers 



Fig. 5.4 Configuration of damper-brace system installed in a storey 




^P(t) 

di 



Fig. 5.5 Mathematical modelling of a VED and a supporting brace 



5.9.3.1 Hysteretic Behaviour of a Semi-active Friction Damper 

The energy dissipation characteristic of a damper is usually understood by its 
hysteresis loop. On the other hand, the hysteresis loop of a semi-active damper 
greatly depends on the control algorithm applied. 

In other words, the same semi-active damper may have different hysteretic 
behaviours when using different control algorithms. In order to observe how the 
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proposed control method alters the hysteretic behaviour of a friction damper, in 
this subsection a single-degree-of-freedom structural system equipped with a 
semi-active friction damper under a harmonic load is investigated. 

(a) Additional data for the building structures 
/ = natural frequency of the proposed building = 1 Hz computed 
C= damping ratio = 0.05 or 5% 



w(t)u g = ground excitation 
Ug(t) = 4.9 sin(27i^)m/ sec 2 
a = 0.99 — » predictive control 
= 0.95 predictive control 
= 0.90 predictive control 

k D = damper bracing stiffness = 3 x the building structure stiffness 
Energy dissipation Ratios for three Earthquakes 
El-Centro: PGA= 0.348 g (strong earthquake) 

Kobe : PGA = 0.834 g (severe) 1 g = 9.8 m/s 2 
Northridge: PGA = 0.843 g (severe) 

R d = energy dissipation ratio (%) = (Ei= seismic input energy)/(F D = Energy 
dissipated by the damper) 

Table 5.5 indicates the masses up to 27 floors together with stiffness for each 
floor. The mass matrix [M] shall be 27 x 27 and [C] damping matrix and [K] 
stiffness matrix will be of the same order based on Table 5.5. The overall 
geometrical dimensions are not altered and are kept the same. 

(b) Control for multiple friction dampers 



Table 5.5 Comparison of energy dissipation ratios 



Control 

method 


Energy index 


El-Centro 
(PGA = 0.348g) 


Kobe 

(PGA = 0.834 g) 


Northridge 
(PGA = 0.843 g) 


Passive 


Ei (kN-m) 


27.89 


143.79 


47.75 




F u (kN-m) 


15.81 


115.39 


35.76 




RA%) 


56.70 


80.25 


75.37 


Predictive 


Ei (kN-m) 


21.82 


129.25 


53.95 


a = 0.99 


F u (kN-m) 


19.52 


115.89 


47.86 




Rj(%) 


89.48 


89.66 


88.72 


Predictive 


Ei (kN-m) 


22.11 


140.64 


42.08 


a = 0.95 


F D (kN-m) 


17.17 


109.29 


32.67 




RA%) 


77.66 


77.71 


77.63 


Predictive 


El (kN-m) 


22.07 


142.23 


38.10 


a = 090 


Fu (kN-m) 


13.85 


89.30 


23.91 




Rj(%) 


62.77 


62.70 


62.76 
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5.10 Non-linear Control of Earthquake Buildings with Actuators 

5.10.1 Introduction 

The actuators operate only when the velocity exceeds certain threshold values. 
They operate also in response to sensor signals at the same location. Normally 
in a controlled building one actuator is used on the base of the building and the 
other at its top. 

The top position of an actuator is shown for the “Applause Tower” 
(Plate 5.1) as a typical example. Control performance of the AMD during 
earthquake in 1996 is to be looked at. 

The structure is assumed to be base isolated. 

The possibility of combining passive base isolation control systems and an 
active control system exerting control forces only on the base induces artificial 
damping without increasing stiffness to the isolated structure. 

This section is concerned with a distributed-parameter structure mounted on a 
rigid base subjected to forces arising from ground motion during earthquakes. 

5.10.2 Analysis Involving Actuators 

The generalized equation of motion with dampers as given earlier can now be 
modified for this case. The right-hand side can be organized as follows: 



where M s ,k s ,C s , respectively, represent the nxn mass, stiffness and inherent 
structural damping matrices of this building structure. It is assumed that this 
building of a base-isolated structure consists of a distributed elastic structure 
clamped to a base in the form of a rigid slab capable of moving relative to the 
ground such that forces caused by ground motion are not transmitted to the base. 

This means the base lies on a viscoelastic support modelled as a viscous 
damper and an elastic spring connected to the ground. Equations can now be 
treated as a single matrix equation which consists of two equations: 



M s il s T C s u s T k s u s — Qd T Q c 



(5.57) 



M s tib T ( p ti e T Cbtib T — C^tig T K^ui) T F 
(j)tib + M e ti e + C e u e + K e u e = F$w +fc 



(5.58) 



where 





(5.59) 
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Plate 5.1 Applause tower 

Note: Earthquake occuired on 3.12.1996 with compliments of moto institute, Tokyo, Japan 

Also courtesy of Takenuka corp, Japan for Applause Tower compliments also from the owner Hanicyu Chayamachi Building owener (no address given) 
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Based on El-Centro earthquake, peak displacement u versus period is plotted 
in Plate 5.2 with and without dampers. 

Peak displacement versus period 

(a) The variation of the peak base displacement versus time period of the 
structure to the El-Centro earthquake excitation 

(b) The variation of the peak base displacement versus time period of the 
structure to the Northridge earthquake excitation 






Plate 5.2 Displacement versus time; With and without dampers; Based on El-Centro earthquake 
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(c) The variation of the peak absolute acceleration of the superstructure versus 
time period of the structure to the Northridge earthquake excitation 

(d) The comparison of peak absolute acceleration spectra of the superstructure 
versus time period of the structure with and without sliding 

(e) The variation of the peak absolute acceleration of the superstructure versus 
time period of the structure to the El-Centro earthquake excitation. 



5.10.2.1 Moments of Products of Inertia, Energies and Mass of Inertia 

The moment and products of inertia with respect to the model centroid (the 
components of the inertia tensor) are 



where typical terms are T xx = mass moment of inertia about the x axis through 
the model centroid and t = mass product of inertia with respect to the x and y 
axes through the model centroid. 

It may be seen from the above development that only the mass (m,) and the 
centroid {X^ Y t and Z c ) of each element are included. Effects which are not 
considered are 

(a) the mass being different in different directions 

(b) the presence of rotational inertia terms 

Energies 

Energies are available by setting 



4 = i xx - m[(y c ) 2 +(z c ) 2 

I'yy = Iyy ~ m[(X c ) 2 +(Z c ) 2 _ 
r zz = I zz -M\{X c ) 2 +(Y c ) 2 



( 5 . 60 ) 



r xy = I xy -MX c Y c 
4 = Iyz - MY c Z c 
4 = I xz - MX C Z C 




if element allows only displacement 
and rotational degree of freedom 
(DOF), and either is non-linear 
or uses integration points O 



^{u} T [K e ]{u} 



all other cases 



potential energy 



E*=-{u} J [M e ]{u} 



( 5 . 62 ) 



=kinetic energy 
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NINT NCS 

£ £M T { A 8 pl }v o1 ,- 

1=1 7=1 

=plastic energy 



(5.63) 



Mass Moments of Inertia 

The computation of the mass moments and products of inertia as well as 
the model centroids is described in this section. The model centroids are 
computed as 

= A x /M 

Y c = A y /M (5.64) 

Z c = A z /M 

where typical terms are 

X c —X coordinate of model centroid 

N 

A x = N! m,X, 

i= 1 

N - number of elements 
nii = mass of element i 

Xj = X coordinate of the centroid of element i 

N 

M = ^ mj = mass of model centroid 

i=l 

The moments and products of inertia with respect to the origin are 



Ixx = £mJ(U) 2 +(Z ; ) 2 l 7 ZZ = J2 m M x i) 2 +(Yd 



i= 1 



i=l 



(5.65) 



N 



i= 1 



Iyy = C *i ) 2 + (Zi f Ixy = 



N 



(5.66) 



i=i 



N 



N 



h-- = hz = '£ i m t [(X t )(Y l ) 



(5.67) 



i= 1 



/=1 
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where typical terms are I xx = mass moment of inertia about the x axis through 
the model centroid and I xy = mass product of inertia with respect to the x and y 
axes through the model centroid. 



5.11 Spectrum Analysis with Finite Element 

This has been discussed earlier. The spectrum analysis is an extension to the 
pervious work and is written in a generalized term. 

Spectrum analysis is an extension of the mode frequency analysis, with both 
base and force excitation options. The base excitation option is generally 
suitable for seismic and wave applications. A direction vector and a response 
spectrum table will be needed in addition to the data and parameters required 
for the reduced modal analysis. The response spectrum table generally includes 
displacements, velocities and accelerations. The force excitation is, in general, 
used for wind and space structures and missile/aircraft impact. It requires a 
force distribution and an amplitude multiplier table in addition to the data and 
parameters needed for the reduced modal analysis. A study of the mass dis- 
tribution is made. Generally the masses are kept close to the reaction points on 
the finite element mesh rather than the (master) degrees of freedom. It is 
important to calculate the participation factors in relation to a given excitation 
direction. The base and forced excitations are given below: 



where j = the unit vector of the excitation direction and {F t } = an input 
force vector. 

The values of {i//} R are normalized, and the reduced displacement vector is 
calculated from the eigenvector by using a mode coefficient M. 



where {u} i = reduced displacement vector and [Mj\ = the mode coefficient and 
where (a) for velocity spectra 



7i = [M] jz?j for the base excitation 

T7/ 

Ji = {i//,} R {Ft} for the force excitation 



(5.68) 



(5.69) 



{«}/= {Mi}{^}, 



(5.70) 




(5.71) 



(F s i = spectral velocity for the zth mode); (b) for force spectra 




(5.72) 
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(f si = spectral force for the ith mode); (c) 



m 




(a s i = spectral acceleration for the ith mode); (d) 



m 




(5.73) 



(5.74) 



(U s i = spectral displacement for the ith mode). 

{ U}i may be expanded to compute all the displacements, as was done in the case 
of superelement and substructuring of the equation. 



' K ' 


~Kr 




Krr_ 



as was done above. 

{[//},.= (5-76) 

where { Uy'} i = the slave degree of freedom vector of mode i and [Ky f , y'] 9 [ Ky ' , y] 
= submatrix parts. 

Sometimes an equivalent mass M ei is needed for the ith mode since it may not be 
a function of excitation direction. This M e f is computed as 

M = 1 (5-77) 

This is derived from the definition of the diagonal matrix of equivalent 
masses [Nf ] 

[K [M r ] [u\R = [I] (5.78) 

where [/] = the identity matrix and [i/f| R = a square matrix containing all mode 
shape vectors. 

Where damping is included, the damping ratio D Ki for the data input, 
including damping C e , is given for a matrix of coupling coefficient as 



D Ri = Of/2 (5.79) 

where coi is the undamped natural frequency of the ith mode. 

In between the modes i and y, a modified damping ratio is needed to take into 
account the concrete structures subjected to wave and seismic effects. 

D' m = D m + 2/ t e Wj (5.80) 

where t e is the duration and T" is transpose. 
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5.11.1 Calculation by Quadratic Integration 



When the velocity varies linearly and the acceleration is constant across the time 
interval, appropriate substitutions are made into (A. 34) giving 
where f\ ,f 2 J 3 , = functions of time. 

This results in an implicit time integration procedure. The only unknown is 
{u t } at each time point and this is calculated in the same way as in static analysis. 
Equation is then written as 




[w 0 ] + 



2A? 0 + A t 

A?oA/qi 




u, 



={F(0> + - aAt7 { "'- 2} ) (5 - 81) 

Where 

Ar 0 = /o — t\ t 0 = time of current iteration 

A t\ = t\ - t 2 1 1 = time of previous iteration 

At 2 = t 2 — h t 2 = time before previous iteration 

t 3 = time before t 2 

At2 = A^o + A t\ = to — t2 

5.11.2 Calculation by Cubic Integration 

Equation (5.82) becomes cubic and hence is written as 

(«i(W + a 2 [c t \ + [k t }){u,} = {Fi(?)} 

+ [m](a3{u,-\}) - a 4 {u t _ 2 } + a 5 {u t _ 3 ) (5.82) 

+ [c ? ](a 6 {w?-i } - a-iiu,^} + a${u t - 3}) 



where a x to < 2 8 are functions of the time increments; these functions are derived 
by inverting a 4 x 4 matrix. 

For clear-cut solutions, the size of the time step between adjacent iterations 
should not be more than a factor of 10 in non-linear cases and should not be 
reduced by more than a factor of 2 where plasticity exists. 



5.11.3 Cubic Integration 



[+*«]*){“»} = { f (0} 

( 5{u t -i} R -4{u,- 2 } R +{u,-2 }) (5.83) 

+[0]*^ t (5{ u t-\) R+\{u t -i} R +\{u t -2,} p) 
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5.11.4 Mode Frequency Analysis using Finite Element 

The equation of motion for an undamped structure with no applied forces is 
written as 



[At\{ii} + [K! t \{Ut} = 0 (5.84) 

[K t ] the structure stiffness matrix may include stress-stiffening effects. The 
system of equations is initially condensed down to those involved with the 
master (dynamic) degrees of freedom. 

The number of dynamic degrees of freedom should at least be equal to two 
times the selected frequencies. The reduced form can be written as 



iM] R {U t } R + [K' l } R {U t } R = 0 (5.85) 

For a linear system, free vibrations of harmonic type are written as 

{«/}«= {'AJft cos w,t (5.86) 

where = the eigenvector representing the shape of the ith frequency; 

cot = the ith frequency (radians/unit time) and t = time. 

Equation (5.86) assumes the form 

r + = {0} (5.87) 

which is an eigenvalue problem with n values of co 2 and n eigenvectors 
which satisfy Eq. (5.88), where n is the number of dynamic degrees of freedom. 
Using standard iteration procedures, () will yield a complete set of eigenvalues 
and eigenvectors. 

Each eigenvector is then normalised such that: 

m T Rm R mR= i (5.8s> 

These n eigenvectors are now expanded to the full set of structure modal 
displacement degrees of freedom. 

{*yi} R = [K Y y]- X [K Yy ]{ yi } R (5.89) 

where = the slave degree of freedom vector of mode i and \Kyy ] , \Ky y ] 

are the submatrix parts. 

The above dynamic analysis approach is generally adopted for structures 
subjected to normal dynamic loads, wind, wave and seismic loads. The above 
analysis, with modifications, is also applied to missile and aircraft explosions/ 
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impact problems. Various steps need to included in the finite element analysis 
using the above concept. 

Initialization 

(1) Effective stiffness matrix 

[AS] = (6/6tV) [M] + (3/3tt) [C 0 ] + [Ab] (A) 



(2) Triangularize [7Q,] 

For each time step: 

Calculation of displacement {U t+T } 

(1) Constant part of the effective load vector 

K+J =W + 9({R, + A t } - {R,}) + {F ( } = [M] 

*((?) w)+ ? {( A + 2{e,} ) (B, 

+ [Co] (-{C,} + 2 {( /,} + - W)+ ) 

(2) Initialization i = 0, {A P\^ t+X } = 0 

(3) Iteration 

(a) i — > i - fl 

(b) Effective load vector 

{R^tot} = { } + {A P‘rJ t+ , } (Q 

(c) Displacement 

{ Vt+T } [Ao] { ^+T } - { r *+,tot} (D) 

(d) Velocity {Uj +T } + (3/3t)({c4 + J - {£/,}) - 2{U t } - (r/2){C7,} 

(e) Change of initial load vector caused by the non-linear behavious of the 
material {A P\^ t+% } 

{PU t+x } = -[ACo^]({t7U - {17,}) - {A CU + J{C/; +T } (E) 

x[AAT 0 _ > ,]({C/j +T } - {U,}) - {A^ +A( }{P m } 

In fact, {A P\^ t+T ) is calculated using the initial stress method. 

(f) Iteration convergence 

IkAPU+J = {AoP^+x} ||/|| {AoPU+J II <toI (F) 

or analogously, on stresses. 
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Note : {P} could be any value of {T 7 }. 

Calculation of velocity, acceleration 

Calculate new acceleration {U t + At}, velocity {U t + At}, displacement {U t+ A t] 
and initial load {P ?+ a?} 

[M\ { U t+At } + [Co] { U t + At } + [K 0 ] { U t + A t } 

= {*t + At} + {A} + {AP^ /+a J 

{ AP t ^ t +A t} represents the influence of the nonlinearity during the time increment 
and is determined by iteration and satisfied for t + t, where t = 0At ( 0 > 1 .37 for 
an unconditionally stable method) applied to a linear problem. [AC 0 _>t] and 
[AK 0 ^ t ] represent the change of [C] and [K], respectively, from t = 0 to t. 

To obtain the solution at time t + At, ( ) can be written as 

[M]{u t+ A t } + [CoKtw + ratw 
= + {F,} + {AF^+aJ 

{APt^ t +At} represents the influence of the nonlinearity during the time incre- 
ment and is determined by iteration 

{A/Wa,} = - [AC 0 _>f] {A U t^t+At} 

- [AC t ^t+At\({U} + {AUt^t+At}) 

- [AK 0 ^ t ]{AU t ^At} 

- [AK t t+At ]({U t } + {AU t ^t + At}) (/) 

{AP t ^ t+ At} is calculated using the initial stress approach. 

A modified Newton-Raphson or initial stress approach is adopted for sol- 
ving these non-linear equations. 

Reduced Linear Transient Dynamic Analysis 

This is a reduced form of non-linear transient dynamic analysis. This analysis is 
carried out faster than the non-linear analysis since the matrix in such a case the 
matrix requires to be inverted once, and the analysis is reduced to a series of 
matrix multiplications and essential degrees of freedom (dynamic or master of 
freedoms) to characterize the response of the system. 

Quadratic Integration 

(j& [M]R+ 2 It [Ct]R + M*)™ = 

+ (5.90) 

+ ^ i}jj U t -2}jij 

The symbol R represents reduced matrices and vectors. 
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5.11.5 Dynamic Analysis: Time-Domain Technique 

Dynamic analysis is a subject by itself. In this text a specific approach to the 
dynamic analysis of structures is discussed. The equations of motion are dis- 
cretized in time. The direct integration technique and the Wilson-0 method are 
summarized. Where dynamic problems are tackled, the non-linear equations of 
motion (coupled or uncoupled) have been solved using these methods. 

The dynamic equilibrium at the nodes of a system of structural elements is 
formulated at a given time t as 

[M]{U t ] + [C x ]{U t }+K){U t ) = {/?,} (5.91) 

where {U t } and {7^} are the vectors of displacement and specified load, 
respectively. [M] represents the mass matrix which is regarded as constant; 
[C t ] and [Xj] are the damping and stiffness matrices, respectively. The subscript 
t is used for quantities at time t and a dot denotes a derivative with respect to 
time. 

To formulate Eq. (5.92), discretization with respect to time, using isopara- 
metric finite elements, is performed. The simple applicable method is the 
numerical step-by-step integration of the coupled equations of motion. The 
response history is divided into time increments At, which are of equal length. 
The system is calculated for each At with properties determined at the beginning 
of the interval. Only one matrix based on M is excited. In addition, the direct 
integration technique allows a general damping matrix [C t \ (which has to be 
specified explicitly) to be used without resorting to complex eigenvalues. 

Discretization in the Time Domain 

The equation of motion formulated at time t = 0 is written in the form 

[M]{U 0 } + [C 0 ]{0| + Aj{£/ 0 } = {*o} (5.92) 

where the subscript zero has been introduced. At time t, all quantities are 
known. Equation (?) is specified as 

[Ms] {U t } + [C 0 ] + [AC 0 ^] {U t }+ [Aj] + [AK 0 ^ t ]{U t } = {*,} (5.93) 

or as 

[Ms]{u t ) + [Co]{t/,} + K,{U t } = {A,} + {Pt}{F} t (5.94) 

where the initial load { P , } is specified by 

{/>,} = — [AC 0 _,*]{{7*} - [AAo^]{<5 ( } (5.95) 

To obtain the solution at time t + At the equation is formulated as in Table 5.4. 
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5.11.5.1 Time History Method 

Introduction 

Two methods, namely equivalent force method and response spectrum method, 
have been explained in detail in the text. In Example 4.11 under case study 4.1, 
these methods have been supported by evaluation of equations. This example is 
now analysed using time history method. The dynamic response of the same 
plane frame given in Fig. 4.50 with the same infills to a specified time history 
compatible to EC-8 spectrum for 5% damping at the same rocky hard soil is 
examined. A hand calculation giving a step-by-step procedure for the analysis 
of the building frame by the time history using Tedesco et al. method is given in 
“Structure Dynamics - Theory and Applications, Addison-Wesley Longman 
1999, Tedesco, J.W., McDougal, W.G. and Ross, C.A.” 

The same method and solutions are programmed in ISOPAR-BLAST under 
sub-program VUSAP-1. The following are the steps of this program. 

Step 1: Modal Matrix Evaluation 

The equation of motion for a multi-degree-of-freedom system produced in the 
text in many places is now reproduced as below to suit the analysis: 

[M}{U) + [C]{U} + [k 0 ]{U} = {-U}(t)[M]{I} (5.96) 

where [M],[A],[I],{/} and {U g }, respectively, are mass matrix, stiffness matrix, 
damping matrix, unit or identity matrix and ground acceleration. 

The solution of equation of motion for any specified forces is difficult to 
obtain, mainly due to coupling of the variables {x} in the physical coordinates. 
In mode superposition analysis or a modal analysis a set of normal coordinates, 
i.e. principal coordinates, are defined, such that, when expressed in those 
coordinates, the equations of motion become uncoupled. The physical coordi- 
nates {U} may be related with normal or principal coordinates {g} from the 
transformation expression as 

{£/} = [$]{#} [<X>] is th modal matrix, (5.97) 

Time derivatives of {U} are 

{u} = muh {t>} = ™ 

Substituting the time derivatives in the equation of motion and pre-multiplying 
by [Q ] T results in 

[0>nM][$M + [5>] r [C] [<!>]{ () } + [$] r [*][<D]M 

, \ (5.98) 
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More clearly it can be represented as follows: 

[M]{q] + [C]{<?} + [k]{q} = {F efr «} 



(5.99a) 



where 

[M] = [0>] r [M][<D] (5.99b) 

[C] = m T [cm (5.99c) 

[A] = [®] r M (5.99d) 

{^eff(O) = (-^(r)[0] r [M]{/|) + {R t } + {P t } (5.100) 

[M], [K\ and [C] are the diagonalized modal mass matrix, modal damping 
matrix and modal stiffness matrix, respectively, and {i^ffCOI i s the effective 
modal force vector. 

Mass and stiffness matrices are given as under 
[K] is the same as (4.8) 

[M\ is the mass matrix derived in (4.78) 

They are reproduced by sub-program of program ISOPAR from 



M— 







~k\ + k 2 




-k 2 


0 


0 " 










-k 2 


k 2 + k'x 


-k 3 


0 






K 
























0 




-k 3 k?, 


+ k 4 


-k 4 










0 




0 




-k 4 


k 4 










' 1.2674 




-0.6337 


0 




0 ' 








-0.6337 




1.2674 - 


-0.6337 




0 






















x 10 6 






0 




-0.6337 


1.2674 


-0.6337 








0 




0 


-0.6337 


0.6337 _ 




" Mi 


0 


0 


0 " 




"64.450 


' 0 




0 


0 " 


0 


m 2 0 


0 




0 


64.450 


0 


0 


0 


0 


m 3 


0 




0 


0 


64.450 


0 


_ 0 


0 


0 m 4 _ 




0 


0 




0 


37.080_ 



(5.101) 



kN (5.102) 



Natural frequencies and mode shape for the plane frame model 



M 



'37.975 

0 



0 

108.157 



0 0 
0 0 



0 0 161.947 0 

0 0 0 191.621 



rad/s; (5.103) 
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T = 



0.1655 0 0 0 

0 0.0581 0 0 

0 0 0.0388 0 

0 0 0 0.0328 



Seconds 



Oi = 



_ -0.0328 ' 




' 0.0795 ' 




' 0.0808 ' 




_ -0.0397" 


-0.0608 


, O 2 = 


0.0644 


,®3 = 


0.0540 


,®4 = 


0.0690 


-0.0798 


-0.0273 


-0.0448 


-0.0799 


_— 0.0872_ 




_ -0.0865 _ 




_ 0.0839 _ 




_ 0.0696 _ 



(5.104) 



as in Example 4.5.11, Cass study 4.1, matrix {$}. 

Therefore, [M], [K] and [C] are, while using equations (5.101b to 5.1 Old) 



[M\ = [O ] r [M][0] = 



10 0 0 
0 10 0 
0 0 10 
0 0 0 1 



(5.105) 



[k\ = m T [m = 



1442 

0 

0 

0 



0 0 

11698 0 

0 126227 

0 0 



0 

0 

0 

36719 



(5.106) 



[C] = diag(2 M r C r co r ) = 



3.7975 

0 

0 

0 



0 0 

10.815 0 

0 16.1947 

0 0 



0 

0 

0 

19.1621 



where 0^ = mode shape coefficient at floor i in mode k. 



(5.107) 



Step 2: Calculation of effective force vector 
The excitation function is 



{*WrM} = (-C/ g (0[3>] r [M]{/}) or (~U g (t)r r ) 



r r = 






M r 



(5.108) 
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Modal participation factors for th plane frame are r r 



-14.40 

4.30 

1.95 

- 0.68 



, (5.109) 



{*Wr(0} = (-i> ? M[1>] r [M]{/}) 



-14.40 

4.30 

1.95 

- 0.68 



(5.110) 



The compatible time history { } as per spectra of EC- 8 for 5% damping 

at rocky soil strata is given in Fig. 5.7. 




Fig. 5.7 Time history per EC-8 spectra (5% damping) 



Step 3: Calculation of displacement response in normal coordinates 
The uncoupled equations in the normal coordinates are 

<710 + 3.9795^io + 1442^0 = 14.40 t/ g (0 (a) 

<720 + 10.815^20 + 11698*720 = -430U g (t) (b) 

<730 + 16.1947*730 + 26227*730 = —1.95(0 (c) 

<740 + 19.1621^40 + 36719*740 = 0.68 Ug(t) (d) 

This displacement response is normal coordinates can be computed from 
numerical methods started in the text. One of such methods is “piece wise linear 
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interpretation method” to evaluate the response of lined system developed in 
program ISOPAR (Figs. 5.8, 5.9, 5.10, and 5.11). 





Fig. 5.9 Response history in q 2 o normal coordinates (displacement response) 



Step 4: Displacement response in physical coordinates 

Displacement response in physical coordinates {U} is calculated from the 
transformation expression. 

{^} = EWr?r(0 (5-112) 

r= 1 
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0.000025 i 
0.00002 - 
0.000015 - 
0.0001 - 
0.00001 - 
0.000005 - 
0 

-0.000005 
- 0.00001 - 
-0.000015 - 
- 0.00002 
-0.000025 




T(seconds) 



0 



10 



15 



20 



25 



30 



35 



40 



Fig. 5.10 Response history in q 30 normal coordinates (displacement response) 




Fig. 5.11 Response history in <720 normal coordinates (displacement response) 




Fig. 5.12 First-storey displacement response in physical coordinates 
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Fig. 5.13 Second-storey response displacement history in physical coordinates 




Fig. 5.14 Third-storey response displacement history in physical coordinates 




Fig. 5.15 Fourth-storey response displacement history in physical coordinates 
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{Ft) — — m iqw (t) + {O} 2 ^2o(0 + {^ ) }3^ , 3 o( 0 + {^ ) }4^ r 4o(0 

r=l 



' -0.0328 ' 




r 0.0795 ' 




' 0.0808 ' 


r 


-0.0608 




0.0644 


>q2o(t)+< 


-0.0540 


><130 ( 0 +< 


-0.0798 




-0.0448 




-0.0448 




k -0.0872 , 




k -0.0839 > 




0.0839 





— 0.0397 
0.0690 
-0.0799 
0.0696 



^40 (0 

(5.113) 



(-O.O328)^o(0 + (O.O795)<72o(0 + (O.O8O8)? 3 o(0 + (-0.0397)^(0 ) 



(— 0.0608)^io(0 + (0.0644)^20 (0 + (-0.0540)^o(0 + (-0.0690)^(0 
(— O.O798)^ lo (0 + (— O.O273)^2o(0 + (-O.O448)^o(0 + (-0.0799)^(0 
, (— O.O872)^ lo (0 + (O.O865)^2o(0 + (0.0839)^o(0 + (0.0696)^o(0 






Step 5: Calculation of effective earthquake response forces at each storey 

When the relative displacements of the masses {U t } have been established, the 
effective earthquake forces or the elastic restoring forces F s (t) acting at each 
mass Mi are determined from 

wo = mu,}} 



" 1.2674 


-0.6337 


0 


0 






-0.6337 


1.2674 


-0.337 


0 


V 

SO 

O 

X 


u 2 {t) \ 


0 


-6.337 


1.2674 


-0.6337 




m{t) i 


0 


0 


-0.6337 


0.6337 _ 




. w 4 (t) J 


r 


1267424Ci (t) 


- 6337126/ 2 (t) 


1 





- 633712 £/ i (0 + 1267424 £/ 2 ( t ) “ 633712 t / 3 (/) 
— 633712 ^ 2(0 + 12674246/3 - 633712 C 4 ( t ) 
-633712 C / 3 (0 + 633712 r / 4 (0 



Step 6: Calculation of storey shear 
The storey shears are calculated as 

{F(0}M{6/(0} (5.115) 

where [A] is the (« x n) upper triangular matrix given as 
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25 - 




-25 - 




-40 J 



Fig. 5.17 Lateral load response first storey (kN) 



"1 


1 


1 . 


. r 


0 


1 
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. l 
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0 
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. l 


.0 


0 


0 . 


. i_ 



( 5 . 116 ) 
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W0} = 



_ 1 


11 


r 




0 


11 


i 




0 


01 


i 




.0 


00 


i_ 





1.2674 

-6.337 

0 

0 



-0.6337 

1.2674 

-0.6337 

0 



0 

-0.337 

1.2674 

-0.6337 



0 
0 

-0.6337 

0.6337 



i 




x 10 6 < 


1 u 2 (t) \ 




1 U 3 (t) 




{ u 4 (t) ) 



(5.117) 



Hence, 



'Vi (O' 




633712C/i(?) 


Vi(t) 




— 633712 C/i (?) + 633712C/ 2 (/) 


Vi (0 




-633712C/ 2 (f) + 633712C 3 (r) 






_ — 633712t/ 3 (0 + 633712C 4 (r). 



(5.118) 



The storey shears at each storey are shown in Figs. 5.18 to 5.21. 




Fig. 5.18 Third-storey lateral load response (kN) 







T(seconds) 



Fig. 5.19 Fourth-storey lateral load response (kN) 
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5.1 



150 -| 
100 - 



50 

0 



-50 



- 100-1 



-150-1 




Fig. 5.20 Base shear lateral load response V\ (/)(kN) - first storey 




Fig. 5.21 Base shear lateral load response F 2 (/)(kN) - second storey 




Fig. 5.22 Base shear lateral load response F3(7)(kN) - third storey 
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Table 5.5 Summary of maximum response for the example structure 



Position or location 


[/ max X 10- 4 (m) Fmai (KN) 


v max (KN) 


1 


1.90 


23.4 


120.40 


2 


3.54 


32.88 


104.47 


3 


4.68 


43.86 


72.10 


4 


5.13 


28.64 


28.24 



Step 7: Calculation of maximum response 

Maximum response of relative displacement, elastic restoring forces, storey 
shears at each storey in plane frame has been summarized in Table 5.5. 

The total base shears V\{t) obtained from time history method is presented 
in Fig. 5.23. The maximum base shear obtained from time history analysis is 
120.39 kN while from response spectrum analysis is 125.69 kN in Example 4.1 1 
case study. 



5.12 Sample Cases 

5.12.1 Plastic Potential of the Same Form as the Yield Surface 

f(J 2 )=f(5 ij ) = ^- = 3 -S ij S ij (5.119) 

where 

Sjj = the Kronecker delta. 

Differentiating 



Presented by www.pdfbooksfree.pk 



5.12 Sample Cases 



351 



= ^S k ,dd mn /dd i j = 3S ij 



The plastic strain increment is stated as 



dXsfj = ISij 



(5.120) 



(5.121) 



The equivalent plastic strain F can be obtained as 

dAs~ p = (^ds p def ' 



(5.122) 



where 



3 ds p 
aA = -- 



2 5, 



eq 



5.12.2 von Mises Yield Surface Associated with Isotropic 

Hardening 



The yield function /is written as 



f=\ K) 



2 

yeq 



(5.123) 



By differentiating, 



df= ( SijdOij ) --<Teq(5(Teq)/(^e ? ) {d& P } 



(5.124) 



Using (5.91) onwards, the values of ds l and da given in (5.108) and (5.109) are 
given by 



dA=[\D *} w - 



[D*}S mn S pq [D*] pqkl \ 

°iA D %.kA i + W 


(5.125) 


:} TOT = m-'m+i- H d d 


(5.126) 


={S } Tj w- cdi 


(5.127) 


[D*]{d€} 101 -^ T dA 


(5.128) 
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Equation (5.133) is then substituted into (5.132), and (5.134) is obtained 






dX — CdX 



(5.129) 



As one knows dsy = (fey + dsfj (5.130) 

Equation (5.135) is then combined with (5.130), (5.131) and (5.125) to give the 
final value of dX 



Jd£l 

\axj 


•Viw 


TOT 


c+- 


fd/l 

l*J 


\ T m\ 


f dA 
L 9a J 



(5.131) 



Table 5.6 Analytical formulation of the steel anchors/studs 
[AtotIW* + = 0 00 

where 

[A T ot] — [K\] + [^ a ] (h) 




[^tot] = total stiffness matrix 
[K e ] = linear stiffness matrix 
[K a ] = a stud stiffness matrix 
{F t } = total initial load vector 
{7 ?t} = total external load vector 
Subscript 

un = quantities corresponding to unknown displacement (c) 

b = quantities corresponding to restrained boundaries 

[^/]{^un} + {^un} = 0 

w = Mm 

M = [Z)](W - { e }) 

{S} = anchor shear forces 
= 

{^un} = J [B] T [D]{so}dv = j [B] r [D]{g 0 }det[/]d^df;dC 

V V 

The plastic buckling matrix is given by 

( K + XK g )F t = 0 (d) 

where K = the elasto-plastic stiffness matrix as a function of the current state of plastic 
deformation; and K G = the initial stress geometric stiffness matrix. 

The determinant 

I K + X c K g \ = 0 (e) 

The essential equation is characteristically triangularised for the z'th loading step as 

(K + X c K g )F\ = 0 2 C = 1 + £p S (f) 

E ps is an accuracy parameter 
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The factor C in (5.136) is an unknown factor defining the state of elasto- 
plasticity. When C = 0, (5.136) gives a value of dX for perfectly plastic situation 
with no hardening. The stress increments are given by 



The true stress increment in (5.139) is the difference between the stress 
increment [Dp]{de} TOT and the algebraic sum of stresses [D]{ds} due to elastic, 
creep, shrinkage, temperature, fatigue and other effects. 

The matrix [D] has the flexibility to include any concrete failure models 
described elsewhere in this book. 

The parameter C is given by Hill [A.l] as 



where *S H is the slope of the curve and represents hardening. 

Where the influence of the studs, lugs and any other type of anchorages is to 
be included in the finite element analysis, the steps given in Table 5.8 are 
considered together with solid, panel and line elements. 



where / is a definite representation of Lp and is a stress function. The only 
change is in the value of S H , accounting for isotropic and anisotropic hardening 
and allowing the function / to be dependent not only on the present state of 
stress or strain, but also on the hardening history according to pre states of 
stress and strain. The value of (<r, &) and {g, g} must be in the plastic range, 
having total values of and g^ respectively. 

When (5.124) is satisfied then the total differential of /is written as 



The yield condition with g^ and S n held constant can be interpreted as a yield 
surface in the multi-dimensional stress space. 




(5.132) 



for the elasto-plastic case, 



^{^Itot — [D*] [Dp\d{s} T oT 



(5.133) 




(5.134) 



C = 4/9<7 e 2 q S H 



(5.135) 



f(<j,s.a,s,S H ) = 0 



(5.136) 




(5.137) 
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Table 5.8 Stiffness coefficient and matrix for ISOPAR 
The element pressure load vector in element coordinates is: 

{ff r } = L^i Pi Pi Pi Ps p 6 J T 

Value of stress stiffness coefficient ( C 2 ) 



Previous iteration resulted in a Previous iteration resulted in a 

tensile stress compressive stress 



1.0 


0.0 


1.0 


AE 


Fx 10 6 


0.0 


1.0 


AE 


1.0 


Fx 10 6 



F = 



for the first iteration : AEs m 
for all subsequent iterations : the axial force 
in the element as computed in the previous 
stress pass of the element (output quantity) 
FORC 



C 2 = value given in the table above. 

The matrix for the tension-only or compression-only ISOPAR is given by: 



[Mi] 



M t 
— ~2~~ 



1 

0 1 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 



1 

0 0 

0 0 0 Symmetric 

0 0 0 0 

0 0 0 0 1 

0 0 0 0 0 1 

0 0 0 0 0 0 1 

00000000 
000000000 
0000000000 



When /< 0 the condition indicates a purely elastic change towards the inside 
of the yield surface. In cases where plastic flow does not occur, the increments of 
plastic strain ds and the change of hardening parameter dSu will be automa- 
tically zero, and hence, in the case of the unloading, (5.125) is reduced to 



‘ ,/= 54’»} <0 



(5.138) 



When df = 0, which is the case for neutral loading, no plastic strain changes 
occur and the hardening factor remains unchanged, then 

df=£pd{afj} = 0 ,{ 4 } = 0 (5.139) 

The quantity day is tangent to the surface for neutral loading. For the vector 
products to be zero, df/doy will be normal to the surface. When day is pointing 



Presented by www.pdfbooksfree.pk 



356 



5 Dynamic Finite Element Analysis of Structures 



Table 5.9 Stiffness and mass matrices (courtesy STRUCOM, London) 
Orders of degrees of freedom 
The stiffness matrix in element co-ordinates is: 



[Ki} = 



AE/L 
0 
0 
0 
0 

0 c z 

-AE/L 0 
0 b z 

0 



a z 

0 a y 

0 0 
0 d v 



0 b y 



GJ/L 

0 

0 

0 

0 

0 



0 dy 

c z 0 



0 



where 

A = cross-sectional area 
E = Young’s modulus 
L = element length 
G = shear modulus 

r y = y^J = radius of gyration 

r z = y^j = radius of gyration 
[Mi] = [M t \ 

3 

ii 



i?r. 



4 / 



Symmetric 



e y 

0 

0 

0 



0 AE/L 
d z 0 
0 0 



0 0 -GJ/L 0 0 



fy 0 

0 fz 



■A6 
fr 



10 

Symmetric 



0 0 GJ/L 



0 



0 e y 

0 0 



Order of degrees of freedom 
For uniform lateral pressure 
Pi = Pa = 0 

Pl = Ps = 

Pi = -Pi = ■ 7 / 

P = uniform applied pressure (units = force/length) 



Stress calculations 

The centroidal stress at end i is: 




where 

of ir m centroidal strees 
E x j = axial force 
The bending stress is 

^j-bnd Mjt 

U i ~ 21 
where 

of nd = bending stress at end i 

Mi = moment at end i 

t = thickness of beam in element z direction 



e z 
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Table 5.10 Three-dimensional elastic beam (courtesy STRUCOM, London) 
Element matrices and load vectors 

All element matrices and load vectors are generated in the element co-ordinate system and 
must subsequently then be converted to the global co-ordinate system. 

The element stiffness matrix is: 





" Ci 


0 


0 


-Cl 


0 


0 




0 


0 


0 


0 


0 


0 


AE 


0 


0 


0 


0 


0 


0 


~T 


-Cl 


0 


0 


Cl 


0 


0 




0 


0 


0 


0 


0 


0 




0 


0 


0 


0 


0 


0 



to the outside of the surface the vector product will be positive; and this 
constitutes loading, with plastic flow taking place such that 

df=^ d {a^>0 (5.140) 

The definition for the structural material stability postulates that during a load 

cycle that includes loading and unloading, the work performed has to be greater 
than zero, i.e. 

dejjdffj} > 0 (5.141) 

From (5.1 56) and (5.1 57) for ideally plastic material the plastic strain increment 

ds is proportional to the stress gradient of the yield surface 

dr.r = ^dl (5.142) 

where dA = a constant of proportionality. 

Part B Plastic Flow Rule and Buckling 
5.13 Plastic Flow Rule and Stresses 
During Elasto-plastic Staining 

Where particularly steel structures exist in seismic zones 
Many materials have been examined, including concrete. They behave elastically 
up to a certain stage of the loading beyond which plastic deformation takes place. 
During this plastic deformation the state of strain is not uniquely determined by 
the state of stress, as stated previously. In a uniaxial state of stress a simple rule is 
required to initiate yielding at any Gaussian point of the isoparametric element. 
In the multiaxial state of stress, there are an infinite number of possible combina- 
tions of stresses at which yielding starts. These can be examined by the flow rule. 
Moreover, the flow rule supplements the elastic constitutive relationship, and the 
plastic strain increments are related to the plastic stress increments during the 
occurrence of plastic flow. 
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The yield criterion described by a failure surface in a multi-dimensional stress 
space is given by Bangash: 

=0 (5.143) 

where 

L f = the yield functiont 

aft = the multi-dimensional stress state 

E — accumulated plastic strain 

Ah = strain hardening or softening parameter 

The general form of the yield surface given by (5.121) allows either isotropic 
or kinematic hardening of the material. For a given previous history, L F ( cr? ) is 



Table 5.11 Two-dimensional elastic beam (courtesy STRUCOM, London) 



Element matrices and load vectors 

The element stiffness matrix in element co-ordinates is: 



[*i] 



AE 

~LT 


0 


0 


AE 


0 


0 


0 


12 El 


6EI 


0 


12 El 


6EI 


L\\+<t>') 


L 2 {\ + </>') 


£ 3 (l + </>') 


L( 1 + 4>') 


0 


6EI 


£7(4 + </>') 


0 


6EI 


EI(2 - tf) 


L 2 ( 1+0') 


L( 1+f) 


L\ 1+^') 


l(i + 4>') 


AE 

L 


0 


0 


AE 

L 


0 


0 


0 


12 El 


6EI 


0 


12 El 


6EI 


L 3 (l +</>') 


£ 2 (i + <i>') 


£ 3 (l + </>') 


£ 2 (1 + 4>') 


o 


6EI 


El { 2 - 4>') 


o 


6EI 


£/( 4 + tf) 


U 


L 2 ( !+</>') 


L( 1 + </>') 




£ 2 (1 + 0') 


L(1 + </>') _ 



where 

A = cross-sectional area 



E = Young’s modulus 
L = element length 



/ = moment of inertia 



</>' = 
G = 



Y1EI 

GA S L 2 

shear modulus 



A s = £ = shear area 

E s = shear deflection constant 



V. u 




Two-dimensional beam element centroidal axis 
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Fig. 5.24 Finite element 
mesh scheme for the WTC-1 
analysis 




always considered as a function of the current state of stress for which S H is 
variable. 

To give added generality, the plastic potential to which the normality prin- 
ciple is applicable is assumed as 






(5.144) 



This allows non-associated plasticity to be dealt with and associated rules to 
be obtained as a special case by making 



L u = L q (5.145) 

For a perfectly plastic material the yield surface of (5.121) remains constant. 
For a strain hardening material the yield surface must change with continued 
straining beyond the initial yield. 
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This phenomenon is included in (5.121) by allowing both L F and S H to be 
functions of the state of stress and the plastic deformation history. This means 
S H will have a new value for every time-dependent yielding. Further, if the 
material is unloaded and then loaded again, additional yielding cannot take 
place, unless the current value of S H has been exceeded. 

A unified approach for arriving at the incremental stress-strain equation 
based on (5.121) can be written in a combined tensor form in three dimensions 
as the overall matrix is stored in the half-band form. Since the number of 
degrees of freedom is 1 5 at each story the dimensions of the stored matrix will 
be (15 x NS) by 30. The solution is obtained for the required number of loading 
cases and from the displacements thus obtained and the generalized member 
stiffness matrices. The stress resultants are found. Finally, the global load, 
stiffness and displacement relationships are obtained for the overall structures. 

5.12.3 Dynamic Local and Global Stability Analysis 

When the impact/blast occurs, there can be problem of combined torsional- 
flexural buckling of the building comprising the core, floors, columns and 
bracings. The elements of the building structures may be bolted or welded or in 
case of concrete connected with bars embedded to floors. The torsional buckling 
analysis can be combined with flexural buckling by adjusting the respective 
stiffness matrices. The torsional buckling was dealt with in detail already. 

5.12.3.1 Dynamic Flexural Buckling 

The eigenvalue buckling (bifurcation) is vital where steel is fully or partially 
anchored to the other elements such as aluminium or concrete. The eigenvalue 
buckling by bifurcation is represented by 

([K\ + Ws)Wi={ 0} (5-146) 

where 

[K] =stiffness matrix of the core complex 
[K] s = stress stiffness matrix 

k ei = the ith eigenvalue (is to multiply load which generated [K] s ) 

{i//} •= the ith eigenvector of displacement 

To reduce the solution of (5.146) to its static and dynamic buckling (master) 
degrees of freedom, the matrix [K\ is reduced and [K] s is reduced in a manner 
identical to that by which the mass matrix is reduced. Hence (5.146) becomes 

0} (5.147) 

where [7^= when blast problem is involved. The subscript ‘f in C is a 

time-dependent matrix. 
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Since the building structures have specific geometry, the geometric stiffness 
matrix is involved. At the plasticity situation, the dynamic plastic stiffness 
matrix will now be The overall plastic buckling matrix is now given by 

{[* i ' P ] R +Ws){'l'i}r= 0 (5-148) 



where X ei = /+ E ps and E ps = accuracy parameters. 



5.12.3.2 Inclusion of Torsional Buckling 

For the torsional phenomena: Assuming that the core-floor-bracings complex 
has the final stiffness matrix [F] TO t> the matrix is algebraically added to \K) P ^ r . 
Hence, 

[^] tot = i K \ P ] + [K] tot +UKg], (5.149) 

The final buckling/torsional equation is given as 

MtotW*+W-{*t} = 0 (5.150) 

where 

{F t } = total initial seismic load vector on each element of the complex 
{F x } = total external seismic load vector 

<*>-{£} (5150a) 

In (5.151a) the subscripts ‘urf and F’ are defined as 

un = quantities corresponding to unknown displacements 
b = quantities corresponding to restrained boundaries 

In (5.151b) if for simplicity reasons on mathematical equation 

l K i] = K P L+Mtot (5.150b) 

then without geometric stiffness 

[K,}{S un } + {F un }=0 (5.151) 

When the influence of [K G ] is taken into consideration, the overall plastic 

buckling/torsional criterion can now be given as 

([*/]+ A[Ab])*r = 0 (5.152) 
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where 



^ — ^ei{^ j} r 



[K{\ = total plastic stiffness matrix as a function of the current state of plastic 

deformation 

The determination 



The essential equation is characteristically triangularized for the th loading 
step. It is essential to notice that a brief breakdown of the buckling phenomenon 
is related to the load vector F T of the elements in (5.153) and 



5.13 Dynamic Analysis of Buildings in Three Dimensions 
5.13.1 General Introduction 

A framed tube is a thin- walled structure, which can be defined as one which is 
made up of thin plates joined along their edges. A precise quantitative definition 
for the thinness is not easy to give, except to say that the wall thickness is small 
compared to other cross-sectional dimensions, which are in turn small com- 
pared with the overall length of the structure. Shear walls of this type are 
extensively used in tall buildings, which typically exhibit another characteristic, 
namely that the walls are open sections, meaning that they do not have closed 
sections as, for example, box girders. 

Compared to closed sections, open-section shear walls possess very little 
torsional rigidity and, therefore, must be given special consideration in their 
analysis and design. In a shear wall the shear stresses and strains are relatively 
much larger than those in solid rectangular columns. When shear walls twist, 
there is a so-called warping of the cross-section. 

The framed tube buildings are very slender with a high width ratio in excess 
of 8.0. As mentioned the framed tube can be multi-dimensional. Various 
structural flooring systems are included. In order to achieve composite beha- 
viour sometimes an attempt is made to limit the number of shear walls by 
interconnecting them with heavy floor systems. 

Non-linear analyses of two- or three-dimensional structures are achieved 
by modelling prototype structures as assemblages of line members and panels. 
The line members may have axial, flexural, shearing and torsional properties, 
while the panels may carry in-plane direct and shear stresses in addition to 



\Ki + XK g \ =0 



(5.153) 




(5.154) 
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out-of-plane stress resultants. The analysis method employed is a matrix 
formulation of the stiffness or displacement type. In a general three-dimen- 
sional program, the coefficients, which relate the applied loading to six gen- 
eralized displacements at the joint, are calculated, and a set of non-linear 
simultaneous equations is set up for each loading. Solutions of these equations 
result in the displacements of the joints, which are then used to calculate 
internal loads and stresses in the structural elements. 




Fig. 5.25 Building frame in three dimensions using global axes on sectional elevation 
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Analytical solutions can be obtained for both frame and framed tube struc- 
tures for high-rise buildings which mostly analysed as 3D structures are com- 
posed of relatively slender members which can be represented by properties 
along centroidal axis. Surface systems such as slabs and walls or frames are 
treated as an assemblage of finite elements. Many computer packages have the 
capability for mixing up different element types and are useful in idealizing 
problems of complex shape. External influences such as static, dynamic and 
blast load temperature and file can be considered in the design of such struc- 
tures. The reader is advised to refer to Appendix IA for options. 

Generation options are available for convenience of inputting large 
amounts of data. Many computer programs have plotting capabilities for 
the undeformed and deformed shape of the structure for verification of the 
model geometry and the structural behaviour of the system. The library of 
elements consists of elements from the basic linear element to the most 
sophisticated three-dimensional elements. Boundary elements in the form of 
spring supports can be incorporated. Loading options include gravity, ther- 
mal, in addition to the usual nodal loading consisting of either specified forces 
or displacements. 

Among the dynamic analysis options, two of the most useful ones are 
eigenvalue analysis and response spectrum analysis. Wind, seismic and blast 
analyses by the response spectrum approach require the undamped free vibra- 
tion mode shapes and frequencies of the system. The response spectrum analysis 
is obtained by solving the dynamic equilibrium equations by using the modal 
superposition method. 

Data preparation involves defining the basic geometric dimensions of the 
structure by establishing joints or nodes on the structure. 



5.13.2 Finite Element Analysis of Framed Tubular Buildings Under 
Static and Dynamic Load Influences 

A tube is a three-dimensional structure and as such responds by bending about 
both its principal axes and rotation about a vertical axis. In analysing a quarter 
or half model, it is necessary to restrain the transverse bending and rotation of 
the tube. The kinematic restraints that preclude transverse movement and 
rotation of the model are shown in Fig. 5.26. 



5.13.2.1 Lumping Technique 

Many structural analyses have used lumping techniques to reduce the size of 
analytical models for computer analysis. The reduction in size was necessi- 
tated because even with large-capacity computers, there just was no econom- 
ical way of solving very tall buildings with large numbers of joints. Before the 
structural analysis raises its eyebrows in surprise, it is well to bear in mind 
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isoparametric-derived element 




8-noded solid element 
with line element 




(b 2 ) Line element (b) Solid element (20 noded) 



(b-|) Panel element 




Fig. 5.26 Finite elements 
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that many notable buildings have been analysed using lumping techniques 
and they have been performing successfully over the years. Therefore, 
although the speed and capacity of modern mainframe computers are so 
vast as not to require lumping, introduction of desktop computers with 
relatively less capacity has once again required lumped computer modelling 
techniques. It is important to realise that as long as the essential features of 
the building are captured in the model, it makes very little difference whether 
a lumped or a full model is used for the analysis. Of course, there will be 
differences between the results of the two models, especially with regard to 
the stress resultants. Under impact and blast load effects, the authors found 
very little difference between the results of lumped and full models as dis- 
cussed later on. 

In this method of analysis, while looking at the entire structure, two floors 
are lumped into one floor, the moment of inertia and area of the girder in the 
lumped model should be twice their values in the prototype model. If n floors 
are lumped into one floor, the corresponding properties will be n times the 
prototype values. To keep the explanation simple, it is useful to introduce the 
following notations: 

7 cp = moment of inertia of column in the unlumped model (prototype) 
7 c i = moment of intertia of the column in the lumped model 
L = length of girder which is the same in both models 
h c p = height of column in the unlumped model (prototype) 
h c i = height of the column in the lumped model 
{u} = element DOF vector 
{it} = time derivative of element DOF vector 
{K e } = element stiffness/conductivity matrix 
{M e } = element mass matrix 
NINT = number of integration points 
NCS = total number of converged substeps 
{&} = stress vector 
{s d \ = elastic strain vector 
{Ae p1 } = plastic strain increment 
Vol* = volume of integration points 

PartC 



5.14 Finite Element Modelling of Building Structures - Step by 
Step Formulations Incorporating All Previous Sections 

5.14.1 Introduction 

A step-by-step finite element analysis is developed in which a provision is 
made for elasto-plasticity, thermal creep, creep recovery and cracking 
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under static and dynamic conditions. Various concrete strength theories 
described in earlier chapters are included in the finite element analysis. 
These give facilities for the comparative study of results necessary for some 
sensitive structures. The analysis presented here also includes facilities for 
loading and unloading phenomena. Although greater emphasis is given to 
the use of isoparametric elements in the text, tables are provided which 
will assist in the automatic inclusion of other types of finite elements. 
Equations are set up in such a way that they can easily be replaced or 
modified to include other case studies. The initial stress or modified 
Newton-Raphson method is used for the major solution procedures. 
They together with acceleration and convergence procedures can easily 
solve non-linear, plasticity and cracking problems. Where dynamic pro- 
blems exist, equations of motion are introduced in both linear and non- 
linear cases. Expressions for displacements, velocities and accelerations are 
then obtained. Direct integration and Wilson-0 methods have been used 
throughout for the time-dependent solutions of dynamically loaded struc- 
tures. The main analysis of this chapter is supported by analyses given in 
various tables and appendices. For further study and additional informa- 
tion, the references cited in this chapter may be found useful. 



5.14.2 Solid Isoparametric Element Representing Concrete 

Three-dimensional isoparametric elements are used and the functions relating 
to coordinate systems are expressed as follows: 

X=it N,(Z, n, QXi = N lXl +N 2 x 2 + --- = {N} T {X n } 

i= 1 

Y=t n, 0 Y, = Nm +N 2 y 2 + --- = {7V} r { Y n } (5.155) 

i= 1 

Z = E Nt(£, r,, QZt = N\Z\ + N 2 z 2 + --- = {N} T {Z n } 

7=1 

where V z -(£, rj, (), i = 1 to n, are the interpolation functions in the curvilinear 
coordinates rj : £ and X h Y t and Z z are the global X , Y, Z coordinates of mode 
i. The interpolation function N is also known as the shape function. 

The terms {X n }, {Y n } and {Z n } present the nodal coordinates and is 
dependent on y\ and £. Reference is made to Fig. 5.26 for important aspects of 
the mapping procedures. The most important aspect is to establish a one-to-one 
relationship between the derived and the parent element (Fig. 5.26). The neces- 
sary condition for a one-to-one relationship is the Jacobian determinant given 
in (5.157) 
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d[J\ 



d(x,Y,Z) 

d(€,ri, 0 



-dX 


dX 


dX- 




dr] 


~dC 


dY 


dY 


dY 




dr] 


~dC 


dZ 


dZ 


dZ 


-ft 


dr] 


~dC- 



(5.156) 



The Jacobian can also be written in a transported form, i.e. columns replace 
rows and vice versa. 



5.14.3 The Shape Function 

The relationship between displacements at any point in the local system (£,??,£) 
within the element and the nodal displacements is expressed in the most general 
form with the aid of a shape or interpolation function as 

n 

u(t, n, 0 = n xU i + n 2 u 2 + ■■■ (n) t (u n ) = ]T n,(z, n, CH 

i= 1 

V(Z,n, o = N IVI +N 2 V 2 + ■■■ (N) T (v n ) = jr,N t (S,ri,0n ( 5 . 157 ) 

i= 1 

n 

W({, t],C) = NiWi +N 2 w 2 -\ (N) T (w n ) = ^ 0 w < 

1=1 

where u;, v / and w, are the nodal displacements in the X, Y, Z directions at node i. 

The interpolation function N t can also be expressed in terms of a local 
dimensionless coordinate system (£,*/,£). Equation ( 5 . 159 ) is written in a 
more generalized form as 

n 

u = NjUi ( 5 . 158 ) 

i= 1 

where u is any coordinate, is the current value of u at node i and N t is the shape 
function for node i. 



5.14.4 Derivatives and the Jacobian Matrix 

With the shape functions known, the global coordinates and displacements at 
any point within the element are expressed in terms of the nodal values (5.162) 
and (5.158): 
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n n n 

X=Y J N i X i Y=Y^N,Y, Z = Y J N i Z i (5.159) 

i= 1 i= 1 i= 1 

n n n 

U = Y^ NiUi V=^2NjVj W=^2Ni\Vi (5.160) 

/=1 i— 1 /=! 



where n is the number of nodes on element and X/, F z , Z z and v/, w z - are the 
nodal coordinates and nodal displacements, respectively. 

The derivatives of shape function with respect to global coordinates require 
the following transformation: 




(5.161) 



(5.161a) 



(5.161b) 



where [J] is a 3 x 3 Jacobian matrix. This matrix eventually plays a major role in 
the equilibrium equations: 



m = [*]{£/> 



(5.162) 



where 

{6/} = the nodal displacement vector 

n 

[K] = [^e] = the total stiffness matrix 

i= 1 

[k e \ = the element stiffness matrix 
n = the number of elements 
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The determinant d[J\ as represented in (5.170) can be evaluated for a one-to- 
one relationship. Such derivatives of shape functions are given. 

Displacement at nodes can now be expressed in the form of element dis- 
placement vectors: 



' (will ' 

{« 2} 2 

M=< > (5.163) 

' { M «}« > 

The displacement field within each element can be expressed as 

{M} = [A2] {M e } = ^( A , i . [/]{M} .) (5. 16 4) 

i= 1 

{u} e = the element nodal displacement vector; {w} ? = the displacements at 
node i\ 

[TV] = the element shape function matrix; N\ = the shape functions of node i. 

5.14.5 Determination of Strains 

With the displacement known at all points within each element, the strains {s} 
can be expressed in the following form: 



W = £[*/]{«}/= MM 



(5.165) 



/= l 



For the three-dimensional element the [B] matrix of node i and {s} 6xl are 
given below: 



[^'16x3 — 



~dNi 

dX 


0 


0 " 


0 


dNi 

dY 


0 


0 


0 


dNi 

dZ 


dNi 

dY 


dNi 

dX 


0 


0 


dNi 

dZ 


dNi 

dY 


dNi 
L dZ 


0 


dNi 

dx A 



(5.166) 



{ a l6x 1 — 



(5.166a) 



Appendix II gives full details of the coordinate transformations between 
Cartesian and curvilinear axes. The dimension of [B\ for 8-, 20- and 32-noded 
elements is 6 x 24, 6 x 60 and 6 x 96, respectively. 
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5.14.6 Determination of Stresses 

The stresses {a} can be determined within each element from the strains as 

M = [^KM - M + W) (5.167) 

where {cr 0 } = initial stresses; {a 0 } = initial strains and [D] = the material 
compliance matrix. 



5.14.7 Load Vectors and Material Stiffness Matrix 



Appendix III gives the material matrices [D] for both concrete and steel. Now 
virtual displacement {du e } is applied at the nodes, and the sum of work done, 
dW, by the stresses and distributed body and surface forces over the element 
volume, vol, and surface, S , is given by 

dw= \{du e } TH ] ( [ [B] TH {a}dM ol - [ [N] 7 ” {p}d S - [ [N] 7 " {G}d vol) (5.168) 
L J \Jv ol Js 7 vol J 

where { p } = the surface force per unit surface area; {G} = the force per unit 
volume and T H = transpose of the matrix. 

When the external work dW is related to the internal work dU 

dW=dU (5.169) 

The element stiffness matrix [K] 

/ /*+ 1 

y 0 \B tH DBd vol = J J J B tH DB det/d^dr]dC (5.170) 

The right-hand side of (5.170) is based on the Gaussian integration rule. 
Equation (5.168) is valid for any virtual displacement {du Q }, thus it can be 
eliminated from both sides of (5.168a). Substituting equations (5.170) and 
(5.167) into (5.168) one obtains 



{PT=(( [Bf[D][B]dv){u*}- f [Bf[D]{e 0 }dV 

\Jvo 1 / 7 vol 

+ f [B] 7 " {o^dv - f[N] T {p}dS- [ [N] TH {G}dV 

J vol JS 7 vo 1 



(5.171) 



Table 5.10 gives miscellaneous loads and forces. Equation (5.185) is the 
force-displacement relation with stiffness transformation. The terms in 
(VI. 17) are defined as the following: 

The element stillness matrix 
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r r +1 /*+i r Fl 

[Kf= [B} T [D][B]dV = / / B tH DB det / d^drjdC (5.171a) 

Jv ol J— 1 J— 1 J— 1 

The nodal force due to body force 

/ h /“Fi z i+1 

voi[^] r [G\dv= -J j J N tH G det J du/tidC (5.171b) 

The nodal force due to surface force 

[PsT= - J s{Nf {p}dS (5.171c) 

The nodal force due to initial stress 

/ h r +l z i+1 z i+1 

voi [B] T [D]{s 0 }dV= -J J J B T " Doo det J dtdrjdt (5.171d) 

The nodal force due to initial strain 

{P eo y=-J vol [B] TH [D]{e 0 }dV= ~ j j j B tH D E() det J dZdqdC (5.171e) 
Equation (VI. 17) can be rewritten as 

{^n e = w e M e +{nr+{A} e +{^ 0 } e +{A 0 } e (5.i7io 

The initial strain vector can be replaced, or the strains due to creep and 
shrinkage, {i**} 6 or {i**} 6 ?, can be added to it. Hence these expressions can 
be added to (5.185). In addition, the strain in (5.171) can be the element swelling 
strain vector {^ } e . In the case of dynamic loadings applied to structures, an 
acceleration load vector {P a Y can be introduced into eqn (5.185) such that 

{^} e = [M]{A n ) = Y J [M t ]=PY J [A n } TH [A n ]d^dr,dt: (5.171g) 

i—\ i= 1 

where [M\ = the total mass matrix; [M e \ = the element mass matrix and {A n } 
the nodal acceleration vector. If large displacements are considered, the nodal 
vector {P*} e can also be incorporated into Equation 

Equation (5.1711) is the force-displacement relation for each element. For the 
whole structure the stiffness matrix and load vectors are assembled according to 
the nodal incidences; overall equilibrium equations can be written in the follow- 
ing form, as before: 

mu} = {^} (5.172) 

Equation (5.172) is solved for unknown displacements. The element strains can 
be obtained from nodal displacements. Linear material stresses are obtained 
from (5.167). 
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Table 5.12 Miscellaneous loads and forces [216] 



Gravitational forces (surface forces) 

Equivalent nodal force in the line of gravity Z-direction 

(M, = l [V] 1 0 Jdvol 

= EEEt<J 0 \\ J \ij.k w iWjW k 

{ -pg \ 

Body forces 

Body force component per unit volume at (X, Y) point is 

°^/ {iV}r {|} dvo1 

in the case of isoparametric elements. 

Concentrated loads 

Concentrated loads away from the point 

{p a0 } = N i (^, m ,i: l )p 

Zi = fi?i = -*?c = +i 

Distributed loads 

/ +1 r + 1 r + 1 f 

J i J i X"iPx,Py,P^} 

similarly for ^ = ±1] r\ = ±1. 



y// 



' dY 


dZ 


dZ 


dY' 




drj 




dr] 


dZ 


dx 


dZ 


dx 


~dl 


drj 


dr] 


dt 


dX 


dY 


dY 


dx 


. dZ 


drj 


d£ 


dr] > 



>d£ d rj for f = ±l 



The same procedure is adopted for choosing other element types. Appendix I 
gives data for some well-known elements. 

If boundary conditions are specified on {C/} to guarantee a unique solution, 
(5.185) can be solved to obtain nodal point displacements at any node in the 
given structure. The equations with all degrees of freedom can be written as 



K 



K 



rj-'H 



Kr 

Km 



{£} 



F 

Kr 



(5.173) 



The subscript R represents reaction forces. The top half of (5.173) is used to 
solve for {£/}. 

{U} = -[A]- 1 [£*]{£/*} + W'm (5.174) 

The reaction forces [Fr\ are computed from the bottom half of the equation as 



tfs] = [**] r {£/} + {*/«}{ tf*} 



(5.175) 
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Equation (5.188) must be in equilibrium with Eqn. (5.189). 

The Supplement and substructuring 

For large structures with complicated features, a substructure (superelement) 
may be adopted on the lines suggested in (5. 173). This superelement may then be 
used as a reduced element from the collection of elements. If subscripts y and y l 
represent the retained and removed degrees of freedom of the equations parti- 
tioned into two groups, then the expressions in (5.187) can be written as 



Kyy Kyyl ( Uy 1 ( Fy 1 

Kyly Kylyl ^ U yl \ ^ F yl \ 

Equation (5.190) when expanded assumes the following form: 



(5.176) 



{Fy} = {^}{f/ T } + {Ky yI }{U yl } (5.176a) 

{7y} = {Kfy}{Uy} + {K y i y }{U y i} (5.176b) 

When a dynamic analysis is carried out, the subscript y (retained) represents the 
dynamic degrees of freedom. 

When (5.175b) is solved, the value of U/ is then written, similarly to (5.174)'. 

{u y ,} = {*y T }{iy} - {K ylyl }~ X {K yly }{U y } (5.177) 

Substituting {U y i} into (5.176a) 

\{Kyy} ~ {K yly }{Ky yl }-\K yly } 

or 

[*]{£/} = {F} (5.179) 

where 

[K] = [Krf] - [K yyl ] [K y , y ,]~ X [K yly ] (5.180) 

{F} = {Fy} - [K yy ] [K yly ,]- X {F yl } 

{£/} = {£/,} (5.181) 

and and {E} are generally known as the substructure stiffness matrix and 
load vector, respectively. 

In the above equations, the load vector for the substructure is taken as a total 
load vector. The same derivation may be applied to any number of independent 
load vectors. For example, one may wish to apply thermal, pressure, gravity 
and other loading conditions in varying proportions. Expanding the right-hand 
sides of (5.190a) and (5.190b) 



{C/,} = {F ? } - {K yy ,}{K yy ,} X {F y ,} (5.178) 
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{M = EFv} < 5 - 182 ) 

*77 1 

{/?} = E (5-183) 

i= 1 

where n = the number of independent load vectors. 

Substituting into (5.181) 

{F} = {Frf} - [K yyl ] [K yly ,] {F yli } (5.184) 

/= 1 i=\ 

The left-hand side of (5.185) is written as 

m = E(^} (5-185) 

i= 1 

Substituting equation (5.185) into (5.186), the following equation is achieved: 
{F,-} = {F,} - [K yyl ] [K y , yl ] I 1 {F.,/} (5.186) 



5.14.8 The Membrane Isoparametric Elements 

The membrane steel plane element acting with a concrete element to form 
a composite section is adopted for many concrete structures, such as 
bridge decks, concrete pressure and containment vessels, offshore gravity 
of transmitting only the stresses in the plane while assuming a constant 
strain along the thickness. These elements are compatible with the one face 
of the solid isoparametric elements representing concrete. The element 
local, global and curvilinear coordinate systems are shown in Fig. 5.25. 
Available are details of shape functions. Knowing these functions, the 
strain-displacement relation can be obtained. The thickness d of the ele- 
ment is interpolated as 

n 

d=J2 N idi (5.187) 

i= 1 

Where n = the number of nodes and = the nodal thickness at node i. 

As shown in Fig. 5.25, the local coordinate system x 7 , y 1 , z 7 with correspond- 
ing nodal freedom u 1 , v 7 w 7 can be used to obtain the local strain field at that 
point. 



du 1 


dv 1 


du 1 


dv 1 




Sy ' = d? 


Sx ' y = dy I + 


dx 1 



(5.188) 
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The x 1 axis is tangential to the x t axis, the z 1 axis is normal to the plane of the 
element and the y 1 axis is determined from the right-hand coordinate system. If 
F \ is the vector tangential to the £ axis or the rj axis, the vector is written as 



Ff = { — 

d^ 

dz 1 

Similarly the F n vector, in matrix form, is written as 



( 5 . 189 ) 



dx 1 
dr] 

F — ( — 

r n — \ 0 

Of] 

dz[ 
drj > 

The vector normal to these vectors will be shown as 

dy 1 dz 1 dz 1 dy 1 

d £ dr] d£ dr] 

F?i = Fe x F„ = d _l d A_ d A d A 
d ^ dr] d £ dr] 

dx 1 dy 1 dy 1 dx 1 

d £ dr] dt; dr] 



( 5 . 190 ) 



( 5 . 191 ) 



The above vectors are normalized in order to obtain direction cosines: 




( 5 . 192 ) 



For the x 1 axis 




and for the y 1 axis 



Fy=F z 



x F x 
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where 



, _ / dx 1 dz 1 dz 1 dy J \ 2 f dz 1 dx 1 dy 1 dz ! \ 2 / dx 1 dy 1 dy 1 dx ! \ 2 

\d£ dr] d£ drj ) d £ dr] d£ drj ) + \ < 9 £ drj drj ) 



= .//^V+f|0 2 + g0 2 



1^1 = 7 



w 



The direction cosines in a matrix form for the local orthogonal Cartesian system 
assume the following form: 



{^ 3 * 3 = 



[ F x ,' 




Fx 


Fy’x 


Fx 












F 


> = 


Fx r y 


F y : z 


F z <y 


[ K . 




-F x i z 


F 


F. 



(5.193) 



Derivatives 

The local derivative of (5.188) must be obtained. To start with, sets of trans- 
formations are considered and the global derivatives are obtained: 



dU G 



du 


dv 


dw 


ft? 


dx 1 


a? 


du 


dv 


dw 


dy 1 


dy 1 


dy 1 


du 


dv 


dw 


dz 1 


dz 1 


dz 1 



= J 



-l 



~du 


dv 


dw~ 


d£ 


dZ 


dZ 


du 


dv 


dw 


drj 


drj 


dr] 


. 0 


0 


0 _ 



(5.194) 



where 



[j} = 



dx 1 


dy 1 


dz 1 




dZ 




dx 1 


dy 1 


dz 1 


dr\ 


dr] 


dr] 


1 


h'y 


^Z\z d _ 



(5.194a) 



The next step is to obtain the local derivatives and they are summarized 
below: 



dU L = F TH dU G F= ]T 



i= 1 



dF[du\ dF\du l 2 dF[ du l 3 



dF[du\ 

dF\du\ 



dF[du\ dF[du\ 
dF 2 du 2 dF 2 du 2 



(5.195) 



where 
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* dNi * dNi * dNi 

dF\ — F x i x — — K F x i y — — b F x i z ——— 

1 dx iy dy ’ dz 

BF i = P d_N p dNi p dNt 

9Fl Fy, ’ x 8x + Fy ' y dy + Fy ' z dz 

- dNi f, dNi ~ dNi 

dFi ~ Fz ’’ x ~di + Fz, ' y ~di + Fz, ’ z ~dz 

du\ = F x i x Uj + F x i y Vj + F x i >z Wi 
du' 2 = Fyl X Ui + FylyVi + Fyl^Wj 

du l 3 = F z i x iij + F-iyVj + F-/ : \i’i 

Using (5.199) and (5.206) the strain value is computed as 



w = £ 



i= 1 



dF[du\ 



dF]di/ 2 



( dF 2 du\ + dF{du 2 ) 

= [£]K) 






' [Si] ' 




' M ' 


[Bi] 




[«2] 


< 


► X < 


► 


[Bi] 




[«.l 


. [Bn] . 




, [Un] , 



In which [5,-] and [«,] are given as 



[■®]3x3 — 



F x \xdF[ 

Fy, x dF{ 



F xKy dF‘ 

F y lydF' 2 



Fj, z dF[ 

F } , tZ dF{ 



(F x i tX dFi+F /tX dFi) (F xl ydFi + F yi ydF‘) (F x \ z dF{ + F y i z dF\) 

{ u i} 3xl = < 



(5.195a) 



(5.196) 



(5.197) 



(5.198) 
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The local stresses at any point are written in the usual manner in the form of 



{<7} = [D]({a}-{e 0 }) (5.199) 



in which 



W)~ K'. oy, T x , y ,] T { £q } = [s x <, Byi, 0] r (5 . 1 99a) 

For the plane stress case, the elastic material matrix is given by 



[D] 




v s 

1 

0 



0 " 
0 

1 -Vs 

2 _ 



(5.200) 



where E s and v 5 are the modulus of elasticity and Poisson’s ratio of steel. For [D] 
in three-dimensional situations please refer to Appendix III. The element stiff- 
ness matrix for this element is given by 

/ + 1 /* + l /* + l 

j J B T “ DBdetJd^df] (5.201) 

Again (as before), the three-dimensional situation can occur in which case 
Eqn.(5.200) is modified. Other elements can be chosen to solve (5.201). 



5.14.9 Isoparametric Line Elements 

The method of derivation here for line elements is the same as for solid or 
membrane elements; the difference is only in the choice of displacement poly- 
nomials and the shape functions. 

The line elements represent the conventional reinforcing bars or the prestres- 
sing tendons in concrete. The nodes of these elements depend on the type of 
solid elements used for concrete. They are given below: 



(a) A 2-noded line element corresponds to an 8-noded solid element. 

(b) A 3-noded line element corresponds to a 20-noded solid element. 

(c) A 4-noded line element corresponds to a 30-noded solid element. 



These line element nodes can be matched by placing them on top of the solid 
elements. Sometimes it is difficult to idealize them in this manner owing to the 
reinforcement layout. Such line elements can be placed in the body of the solid 
element. Where bond-slip analysis is carried out, these line elements can be 
placed on the nodes of the solid element or can be attached to spring elements as 
shown in Fig. 5.27. 
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Line elements 




Fig. 5.27 Line elements in the body of a solid element 

5.14.9.1 Two-, Three- and Four-Noded Elements 

The shape functions and derivatives for the isoparametric line elements are 
given below: 

(a) Two-noded line element 



Shape functions 



Derivatives 



Nx =|(1 
N 2 =\(l+^) 



dNi _ 1 

~ W ~~2 

dN 2 _ 1 

~m~2 



( 5 . 202 ) 
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(b) Three-noded line element (Fig. 5.6) 



Shape functions 


Derivatives 


N\ = ^(l-$)5 


dm 1 

af = { -2 


N 2 = \~e 


d -§ = u 
dt, 


N 3 = l -(l+m 


d_m = 

d£ % 2 



(5.203) 



(c) Four-noded line element (Fig. 5.6) 



Shape functions 



Derivatives 






dN i 
dN 2 
dm 

dN 4 

w 



1 

3 

4 

3 

4 

3 

1 

3 



(4?-6f + I) 

(3£ 2 -£-l) 

(1 - - $) 



4£ + 6c 2 - - 



(5.204) 



The strain-displacement relation 

At any point in the line element, the local Cartesian axis X 1 is tangential to the 
curvilinear axis. The local strain in the axial direction at any point can be 
written as 



e x , = dU l /dX l 



(5.205) 



Using the displacement transformation, Equation (5.205) is written as 



1 



Sx ' = L 



f, dU dV dW\ 



(5.205a) 
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where are the direction cosines of the X 1 axis and are written as 

/ ° X /T 

h = dt /L 



dY 

m = ^/L 

dZ n 

= -%/L 



(5.205b) 



l = \J w^) 2 +(5r/aa 2 +(5z/^) 2 



(5.205c) 



U, V and W are the global nodal freedom at any node, and U l is the local 
freedom in the X 1 direction. It is related according to 

U l = UU + miV + mW (5.206) 

Equation (5.205) in terms of the shape function derivatives is now written as 



£ y / 



= 'i£ 



i=i 



dN t dNi dNi 





f^'l 


< 


F ' 


- 1 


l^J 



where n is the number of nodes on the element. 

{<*} = [B]{U e } 

Equation (5.207) is also written as 

[B\ = [[B x \,[B 2 ],[B,\,...[B l ],...,{B n }} T 

{u e } = [[u l },[u 2 },m,...[u i },...,{u n }} T 

The stiffness matrix assumes the form 

[K] - f +1 B T E s BA(c)Lclc = Y J BjE s B j L j W j A^ j ) 
J-i /= l 



(5.207) 



(5.208) 



(5.209) 



(5.210) 



where 
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Fig. 5.28 Nonlinear model-Sizewell B vessel 
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A(&j) = J2 N i A J (5.210a) 

i= 1 

where A = the cross-sectional area at node y; n = the number of nodes on the 
element; N = the number of integration points and Nj = the shape function at 
node i. 

The strain and stress are calculated as 

{s x ,} = l B]{lf } K,} = [£*]{«*} (5.211) 

where { t/ e } is the global nodal displacement of the element. 
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Fig. 5.30 Damage caused by implosion at a level 2.75 times the extreme loads (minimum 
safety factor 2.5) 
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Fig. 5.31 Damage caused by implosion at a level 3.5 times the extreme loads (concrete 
cracked/scabbed; steel yielded/plastic) 
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Table 5.14 Chain rule 



" du ' 

dX 

du 

dY 

du 

~dZ 

dy 

dx 

dy 

dY 

dy 

dZ 

dw 

dx 

dw 

dY 

dw 

-dZ- 

where 
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0 


0 ■ 


C21 


C22 


C23 


0 


0 


0 


0 


0 


0 


C31 


C32 


C33 


0 


0 


0 


0 


0 


0 


0 


0 


0 


Cn 


C\2 


C13 
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du 

dl 

du 

drj 

du 

d£ 

dv 

di 

dv 

drj 

dv 

d£ 

dw 

di 

dw 

drj 

dw 

_df_ 



_dYdZ 

11 _ d£ d£ ' 

_dYdZ 
13 - d£ d£ ' 
_ dXdZ 
22 - d£ d£' 
_ dXdY 
31 drj d( 
_dXdY 
33 ~^d^j~ 



dZdY 
drj d£ 
dZdY 

Wd£ 

dZdX 

Wd£ 

dYdX 
drj d( 
dYdX 
d £ drj 



Cn 
C21 : 
C 23 : 
C 3 2^ 



dZdY 
: d£ d£ ' 
dZdX 
~di~d^' 
dZdX 
d£ drj 
dYdX 
: d£ d£ ' 



dYdZ 
d£ d£ 
dXdZ 
d£ d£ 
dXdZ 
d£ drj 
dXdY 
d£ d£ 



det[7] m the determinant of the Jacobian matrix. 



5.14.9.2 Line Element in the Body of a Solid Element 

The procedure for the strain-displacement and the stiffness matrix is the same 
as for the other line elements. The element must lie parallel to one of the 
curvilinear axes (<£, rj , £) of the solid element. The element may be anywhere in 
the solid element with maximum curvilinear coordinates £ = ±1, rj = ±1 and 
( = ±1. The displacement U inside the element is written as (Fig. 5.27) 
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Table 5.15 Solid isoparametric elements 

Eight-noded solid element 
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Node i 
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Derivatives 
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{t/} = [N\{ir} = ]T [AT, ■][/]{£/,'} (5.212) 

i= 1 



[N\ = [N(£, rj c , ()] (solid element) (5.212a) 



such that 

C = C c Y 1 — Vc (constant) 
For the tangential directions of £ and rj 





f dX > 




( dX > 

dn 
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II 


dr 


>(at n = ric, i = Cc) X n =< 


dY \ 
dri | 


>(at f/ = »7 C , C = Cc) (5.213) 




dZ 

l J 




dZ 

, dr\ ) 


1 



A normal Z l axis vector and X 1 axis and Y l axis vectors are defined as 
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Table 5.18 Twelve-noded membrane element 




Node i 


Shape functions 




dNi 

~w 


dNi 

drj 




1 


1 

Sr 

+ 

7? 

I 

1 




i(i-<))[2j-3 O-o+f] 


±(i-Q[2 V -3q 2 -e+ 




2 


ft(i — 4)(i — 5 )(i — >7) 




^(1 - f/)(3^ 2 - - 1) 


-4d-a(i-0) 




3 


!(i-,,)(i-f 2 )(i + {) 




± ( i-^(i-2f-3e 2 ) 


(i - f 2 )fi + e) 




4 


h(* + 0(1 - 0[0 + 0 ~ 


7] 


|(l-i,)[2f + 3f 2 + , 2 -fl 


4(l + f)[2,-3, 2 -« 2 - 


7] 


5 


&(l + 0(l-1 2 )(l-l) 




J(1 -<) 2 )(1 -<)) 


4(1 + f)(3^ 2 -2i,-l) 




6 


40 +00 -r)(i +0 




4(1 W») 2 )(l + 0 


4 ( 1 + 0 (1 — 2tj — 3i/ 2 ) 




7 


4(i + 0(i + i)[f 2 + i 2 - 




4 ( i + 0 [2£ + 3£ 2 + */ 2 — y] 


4(l + 0[2/? + 3 rj 2 +£ 2 — 




8 


^(i +^(1 - 5 2 )(i + f) 




|(1 + ij)(1-2{-3« 2 ) 


4 ( 1 - 0)0 + 0 




9 


40 + 00 — 0)0 — f) 




|(l + >,)(3« 2 -3«-l) 


40-0)0-0 




10 


40-00 + <i)[f 2 + >i 2 - 


f] 


i (1 + >;) [2f - 3<f 2 - »j 2 + -^] 


4 (1 — 0 [2^1 + 3f/ 2 — 0~ 


f] 


11 


40 - 0(1 - i 2 )0 + 1 ) 




-4(1 + 0(i -r) 


4(1 — 0(1— 2^1 — 3f/ 2 ) 




12 


^(i-{)(i-i) 2 )(l-i)) 




-4(i -0(i ->/ 2 ) 


4(1 - 000 — 2/J — 1) 





Presented by www.pdfbooksfree.pk 



5.15 Criteria for Convergence and Acceleration 



393 



2 = & X x„)/\x ( X x„ 
2 = x ( /\x ( \ 



(5.214) 



Y 1 = 2 xX 1 

h h h 



F = [X 1 , Y l 




n\ n 2 n 3 



Following (VI. 35) onwards, the strains can be evaluated as 




i= 1 



, dNi dNi dNi 
a = l\ — — h m\ — — h n\ — — 



(5.216) 



Stresses are computed as 



KI = RK 4} 



(5.217) 



This analysis is needed when the prestressing tendons or conventional 
reinforcement cannot be modelled as line elements lying at the nodes of the 
solid elements. They can then be located at the body of the concrete 
element. This analysis will replace the ones adopted for the other line 
elements. 

5.14.9.3 Plastic Flow Rule and Stresses During Elasto-plastic Straining 

Many materials have been examined, including concrete. They behave elasti- 
cally up to a certain stage of the loading beyond which plastic deformation takes 
place. During this plastic deformation the state of strain is not uniquely deter- 
mined by the state of stress, as stated previously. In a uniaxial state of stress a 
simple rule is 



5.15 Criteria for Convergence and Acceleration 

Convergence criteria 

To ensure convergence to the correct solution by finer sub-division of the mesh, 
the assumed displacement function must satisfy the convergence criteria given 
below: 
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(a) Displacements must be continuous over element boundaries. 

(b) Rigid body movements should be possible without straining. 

(c) A state of constant strain should be reproducible. 

Euclidean norm i/q/R z - < C. The term i/q represents the unbalanced forces 
and the norm of the residuals. With the aid of the iterative scheme described 
above, the unbalanced forces due to the initial stresses {do} become negligibly 
small. As a measure of their magnitude, the norm of the vector ||i/q|| is used. The 
Euclidean norm and the absolute value of the largest component of the vector 
are written as 



m\ = (i«Aii 2 +--- + i^i 2 ) 1/12 

11^11 = (lw r wl) 1/12 

The convergence criterion adopted is 

II^H = max| i// l | < C = 0.001 

i 

Uniform acceleration 

Various procedures are available for accelerating the convergence of the mod- 
ified Newton-Raphson iterations. Figure AV. 1 shows the technique of comput- 
ing individual acceleration factors, d\ and 62 are known. Then, assuming a 
constant slope of the response curve and from similar triangles, the value of £3 is 
computed: 

J- = Y (5.220) 

0 2 c>3 

When £3 is added to 62 , then the accelerated displacement d ' 2 is expressed as 
8’ 2 **82 + 83 = 8 2 (l+j^ =082 (5.221) 

where the acceleration factor a is 



(5.218) 



(5.219) 



a=l+^ (5.222) 

0 1 

Generally the range of a is between 1 and 2. The value of a is 1 for zero 
acceleration, and the value of a reaches the maximum value of 2 when the slope 
of the d - R curve approaches zero. 

The acceleration factor a is computed individually for every degree of free- 
dom of the system. The displacement vector obtained from the linear stiffness 
matrix [fe 0 ] is then multiplied by the [a] matrix having the above constants on its 
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diagonals. The remaining components of [oc] are zero. The accelerated displace- 
ment vector is then expressed as follows: 

{Am-} = [ ai -i}{Aui} (5.223) 

From these accelerated displacement 

{Am,} = N _1 {<A,} (5.224) 



which results in a new set of acceleration factors. Now an estimate for the 
displacement increment is made in order to find the incremental stresses and 
total stresses. See Fig 5.32, 5.33, 5.34, 5.35, 5.36, 5.37 

The residual forces needed to reestablish equilibrium can now easily be 
evaluated: 



{'A,} = J v [B] T {a o T }dV- {R,} (5.225) 

where represents the total external load; dV is the volume. 

A new displacement now results from 



Fig. 5.32 Newton 
Raphson method 




Fig. 5.33 Initial stress 
method 

Note: A P is a specific value 
of F. 
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Fig. 5.34 Technique of computing acceleration factors 





Fig. 5.35 Graphing representation 



Fig. 5.36 Linear 
acceleration and load 
assumptions of the Wilson-0 
method 
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Fig. 5.37 Quadratic and 
cubic variation of velocity 
and displacement 
assumptions of the Wilson- 
6 method 




{A„ i+1 } = -[fco] '{< fa] 



( 5 . 226 ) 



In order to carry out these iterative steps, numerical integration is required. 
First of all the evaluation of ji/q j from the initial stresses is required, and this 

requires integration over the elastic-plastic region only. The value of ji/q j is 

computed by carrying out the integration over the entire domain of the analysis. 
Since these kinds of accelerated steps unbalance the equilibrium, it has to be 

reestablished by finding the residual forces ji/q j. Since the state of stress pro- 
duced by the accelerated displacements is not in balance with the residual forces 
of the previous iteration, the new residual forces ji/q j of (AY. 9) must balance 

{ot} and {Ri}. Here the acceleration scheme is needed to preserve equilibrium, 
which will eventually make the equivalent forces over the whole region unneces- 
sary. This is achieved by applying a uniform acceleration, i.e. the same accelera- 
tion factor A to all displacements, found by averaging the individual factors a, 



1 n 

A=- Va ? - 

"tr 



( 5 . 227 ) 



The force-displacement equation is then written by multiplying both sides 
with the scalar quantity A without disturbing the equilibrium: 



A{kui} = [ko] 1 A 






( 5 . 228 ) 



Now to evaluate ji/q +1 j, the previous value of ji/qj must be multiplied by A 
and the previously accelerated forces from the initial stresses {cr 0 } must be 
included such that 



{^/+i } = j AB] T {o,MV- ( A - 1){^} 



( 5 . 229 ) 
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5.15.1 Introduction 

Potential of interface elements in the engineering disciplines. In soil-structural 
interaction problems, interface elements play a very important role in bringing 
about close relations between various structural and soil/rock elements. In 
concrete mechanics examples can be cited such as the bond between concrete 
and reinforcements, softening and aggregate interlock in discrete cracks, fric- 
tion in concrete connections, bedding of reinforced/plain/prestressed concrete 
structures in soils/rocks. This appendix reviews three methods which are recom- 
mended for both static and dynamic analysis. 



5.15.2 Hallquist et al. Method 

Hallquist et al. developed a useful concept of master and slave nodes sliding on 
each other. As shown in Fig. 5.38 slave nodes are constrained to slide on master 
segments after impact occurs and must remain on a master segment until a 
tensile interface force develops. The zone in which a slave exists is called a slave 
zone. A separation between the slave and the master line is known as void. The 
following basic principles apply at the interface: 

(a) update the location of each slave node by finding its closest master node or 
the one on which it lies; 

(b) for each master segment, find out the first slave zone that overlaps; 

(c) show the existence of the tensile interface force. 




k n — Interface normal stiffness m D material stiffness matrix 
Values varied as 10 3 to 10 6 N/mm 3 

Fig. 5.38 Hallquist contact method (modified by Bangash) 
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Constraints are imposed on global equations by a transformation of the 
nodal displacement components of the slave nodes along the contact interface. 
Such a transformation of the displacement components of the slave nodes will 
eliminate their normal degrees of freedom and distribute their normal force 
components to the nearby master nodes. This is done using explicit time 
integration, as described in the finite element solution procedures. Thereafter 
impact and release conditions are imposed. The slave and master nodes are 
shown in Fig. 5.38. Hallquist et al. gave a useful demonstration of the identi- 
fication of the contact point on the master segment to the slave node n s and 
which finally becomes nontrivial during the execution of the analyses. When the 
master segment t is given the parametric representation and t is the position 
vector drawn to the slave node n s , the contact point coordination must satisfy 
the following equations: 



if (4, Vo) x [t ~ r(Zc, ilc)} = 0 

§ (Zcilc) X [i-r(Zctlc)} =0 

where are the coordinates on the master surface segment S). Where 

penetration through the master segment S t occurs, the slave node rj s (containing 
its contact point) can be identified using the interface vector f s 



f s = -lk i Y] i if / < 0 (5.231) 

to the degree of freedom corresponding to rj s , and 

fj, = m c ric)fs if/<0 (5.232) 



Fig. 5.39 Contact or gap 
element 



Sliding 

contact Slave line 
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where 



l ~n r [t - r(£ c ,ric )]< 0 



( 5 . 233 ) 



A unit normal 



n 



hi = hi(£ c , r \ c ); t ( = h t ^ Nj(F x )\t) 



( 5 . 234 ) 



kt =f si K i A 2 i /A 2 i V i 



( 5 . 235 ) 



where 

(. F\) J (t ) = impact at the yth node 
K = stiffness factor 

Ki, V i: Ai = bulk modulus, volume and face area, respectively 

fsi = scale factor normally defaulted to 0.10 

Ni = \ (1 + ££i)( 1 + rjrji) for a four-node linear surface 

Bangash extended this useful analysis for other shape functions, such as N t 
for 8-noded and 12-noded elements. On the basis of this theory and owing to the 
non-availability of the original computer source, a new sub-program CON- 
TACT was written in association with the program ISOPAR. The sub-program 
CONTACT is in three dimensions. 



{A} = [Kyy] Uy }.= [E^]{E A,, Ay, ... } = {Pu... } + {±^F n ... ± A, ... } 
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Chapter 6 

Geotechnical Earthquake Engineering 
and Soil-Structure Interaction 



6.1 General Introduction 

In earthquake engineering, geotechnics plays a prime part. To begin with the 
knowledge of soil mechanics for areas related to seismic history is essential. The 
understanding of basic dynamics as given in earlier chapters is a must. It is vital 
that shaking of the soft ground in earthquakes must have historical records. The 
rupture of fault as a cause of earthquake must be treated as a part of seismo- 
logical knowledge. Earthquake waves are as P- and S-waves, love wave and 
Rayleigh wave. The engineer must know the response of elastic ground to 
surface excitation, seismic wave energy and the wave transmission and reflec- 
tion at interface. To assess the behaviour of particularly heavy structures in 
earthquakes, the soil must be related to the overall performance of structures. 
The following are clearly essential to perform the soil-structure interaction. 

(a) The intensity of earthquake motion and motion records 

(b) Time history of the ground motion and power of acceleration-time history 

(c) Earthquake magnitude and acceleration and duration 

(d) Effects of local soil conditions on maximum acceleration 

(e) Significance of outcrop motion 

(f) Response of multilayered ground and amplification of motion of particu- 
larly alluvium surface and at the top hill 

(g) Direction of seismic criteria force 

(h) Damping ratio in soils 

(i) Direction of seismic inertia force and wave propagation modulus in soils 

(j) Variation of shear modulus at the interface of soil layers 

(k) Rate-dependent nature of clays 

(l) Non-linear cyclic behaviour of undisturbed soils 

(m) Dilutancy of sand under cyclic loading 

(n) Seismic devices when existing together with elasto-plasticity of soils 

(o) Subsidence and liquefaction and sand boiling induced by earthquakes 

(p) Floating of embedded parts 

(q) Correlation between shear strain energy and excess pore water pressure 

(r) Behaviour of soil undergoing cyclic undrained loading from earthquakes 
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(s) Post-liquefaction behaviour of sandy ground 

(t) Displacement/deformation of liquefied subsoil 

(u) Soil densification 

One can see how appropriately seismic loading characterizes a number of 
factors including earthquake source, travel path effects, local site effects and the 
effect of soil-structure interaction (SSI). The SSI analysis evaluates the collec- 
tive response of the systems to a specified free-field ground motion. The inertial 
interaction and kinematics interaction are the most important effects in the 
global finite element investigation of SSI. The methodologies of soil-structure 
interaction analysis involve 

(1) Foundation input motion (FIM) 

(2) Impedance function, meaning stiffness and damping characteristics of 
foundation soil 

(3) The substructure approach, knowing each step is independent of the other 

Many computerized analyses exist to solve heavy structural problems such as 
containment buildings. The problem of SSI can be grouped into two main 
categories, namely the wave scattering problem and the impedance problem. 
The reduction of the former problem can only be achieved through observa- 
tions on the seismic wave field. The reduction of uncertainties associated with 
the latter problem can be accomplished by test correlation studies using the data 
during forced vibration tests. 



6.2 Concrete Structures - Seismic Criteria, Numerical Modelling 
of Soil-Building Structure Interaction and Isolators 

6.2.1 Stvuctuval Design Requirements for Building Structures 

6.2. 1.1 Introduction to the Design Basis 

The seismic analysis and design procedures to be used in the analysis and design 
of concrete structures and their components shall be as prescribed in various 
codes. The design ground motions can occur along any direction of a structure. 
The design seismic forces, and their distribution over the height of the structure, 
shall be established by a specific code and the corresponding internal forces in 
the members of the concrete structure shall be determined using a linearly 
elastic model. An approved alternative procedure may be used to establish the 
seismic forces and their distribution, in which case the corresponding internal 
forces and deformations in the members shall be determined using a theoretical 
model. 

Individual members shall be designed and sized for the shears, axial forces 
and moments determined in accordance with these provisions, and connections 
shall develop the strength of the connected members or the forces. The 
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foundation shall be designed to accommodate the forces developed or the 
movement imparted to the structure by the design ground motions. In the 
determination of the foundation design criteria, special recognition shall 
be given to the dynamic nature of the forces, the expected ground motions 
and the design basis for strength and energy dissipation capacity of the struc- 
ture. The foundations can be flexible or rigid. In the layout the foundations 
shall have the isolators carefully arranged to offset damaging seismic forces. 



6.2.2 Structure Framing Systems 

The basic structural framing systems to be used are indicated in Table 6.1. Each 
type is subdivided by the types of vertical element used to resist lateral seismic 
forces. The structural system used shall be in accordance with the seismic 
performance category and height limitations indicated in the table. The appro- 
priate response modification coefficient, R , and the deflection amplification 
factor, C, indicated in Table 6.1 shall be used in determining the base shear and 
design storey drift. 



Table 6.1 Structural systems 



Basic structural system 
and seismic force- 
resisting system 


Response 
modification 
coefficient R a 


Deflection 
amplification 
factor C d b 


Structural system limitations 
and building height (ft) 
limitations Seismic 
performance category 
A and B C D d E e 


Bearing wall system 














Light frame walls with 
shear panels 


61 


4 


NL C 


NL 


160 


100 


Reinforced concrete 
shear walls 




4 


NL 


NL 


160 


100 


Reinforced masonry 
shear walls 


31 
J 2 


3 


NL 


NL 


160 


100 


Concentrically braced 
frames 


4 




NL 


NL 


160 


100 


Plain concrete shear walls 
Building frame system 


4 


4 


NL 


g 


NP C 


100 


Eccentrically braced 
frames, moment- 
resisting connections 
at columns away from 
link 


8 


4 


NL 


NL 


160 


100 


Eccentrically braced 
frames, non-moment- 
resisting connections 
at columns away from 
link 


7 


4 


NL 


NL 


160 


100 



Presented by www.pdfbooksfree.pk 



408 



6 Geotechnical Earthquake Engineering and Soil-Structure Interaction 



Table 6.1 (continued) 



Basic structural system 
and seismic force- 
resisting system 


Response 
modification 
coefficient R a 


Deflection 
amplification 
factor C d b 


Structural system limitations 
and building height (ft) 
limitations Seismic 
performance category 
A and B C D d E e 


Composite eccentrically 
braced frames 
(C-EBF) 


8 


4 


NL 


NL 


160 


100 


Light frame walls with 
shear panels 


7 


4 ! 


NL 


NL 


160 


100 


Concentrically braced 
frames 


5 


4I 

^2 


NL 


NL 


160 


100 


Composite concentrically 
braced frames 
(C-CBF) 


5 


4 l 

^2 


NL 


NL 


160 


100 


Reinforced concrete 
shear walls 


^2 


5 


NL 


NL 


160 


100 


RC shear walls 

composite with steel 
elements 




5 


NL 


NL 


160 


100 


Plain (unreinforced) 
masonry shear walls 




4 


NL 


f 


NP 


NP 


Plain concrete shear walls 

Dual system with an 
intermediate moment 
frame of reinforced 
concrete or an ordinary 
moment frame of steel 
capable of resisting at 
least 25% of prescribed 
seismic forces 


2 


2 


NL 


g 


NP 


NP 


Concentrically braced 
frames 


5 


4I 

^2 


NL 


NL 


160 


100 


Composite concentrically 
braced frames 
(C-CBF) 


5 


4I 

^2 


NL 


NL 


160 


100 


Reinforced concrete 
shear walls 


6 


5 


NL 


NL 


160 


100 


RC shear walls 
composite with steel 
elements 


6 


5 


NL 


NL 


160 


100 


Special moment frames 
of reinforced concrete 


2 1 
Z 2 


2- 

Z 2 


NL 


NL 


NL 


NL 



key 1 ft = 0 . 3048 m 

Note: Data collected from the archives of the British Library and organised them in the given 
format 



Presented by www.pdfbooksfree.pk 



6.2 Concrete Structures 



409 



Table 6.1 (continued) 



Basic structural system 
and seismic force- 
resisting system 


Response 
modification 
coefficient R a 


Deflection 
amplification 
factor C d b 


Structural system limitations 
and building height (ft) 
limitations Seismic 
performance category 
A and B C D d E e 


Moment-resisting frames 
system 












Special moment frames 
of reinforced concrete 


8 


5 


NL 


NL NL 


NL 


Composite special 
moment frames 
(C-SMF) 


8 


5* 


NL 


NL NL 


NL 


Intermediate moment 
frames of reinforced 
concrete 


5 




NL 


NL NP 


NP 


Composite ordinary 
moment frames 
(C-OMF) 


4 ! 


4 


NL 


NL 160 


100 


Composite partially 
restrained frames 
(C-PRF) 


6 




160 


160 100 


NP 


Ordinary moment frames 
of reinforced concrete 

Dual system with a special 
moment frame capable 
of resisting at least 
25% of prescribed 
seismic forces 


3 


2 1 

Z 2 


NL h 


NP NP 


NP 


Eccentrically braced 
frames, moment- 
resisting 

connections at columns 
away from link 


8 


4 


NL 


NL NL 


NL 


Eccentrically braced 
frames, non-moment 
resisting 

connections at columns 
away from link 


7 


4 


NL 


NL NL 


NL 


Composite eccentrically 
braced frames 
(C-EBF) 


8 


4 


NL 


NL NL 


NL 


Concentrically braced 
frames 


6 


5 


NL 


NL NL 


NL 


Special concentrically 
braced frames- steel 


8 


61 


NL 


NL NL 


NL 


Composite concentrically 
braced frames 
(C-CBF) 


6 


5 


NL 


NL NL 


NL 


Reinforced concrete 
shear walls 


8 


65 


NL 


NL NL 


NL 
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Table 6.1 


(continued) 




Basic structural system 
and seismic force- 
resisting system 


Response 
modification 
coefficient R a 


Deflection 
amplification 
factor C d b 


Structural system limitations 
and building height (ft) 
limitations Seismic 
performance category 
A and B C D d E e 



RC shear walls 8 

composite with steel 
elements 


61 


NL 


NL NL 


NL 


Steel plate-reinforced 8 

composite shear walls 


61 


NL 


NL NL 


NL 



a Response modification coefficient R for use through the provisions. 
b Deflection amplification factor C d . 

C NL = not limited and NP = not permitted. If using metric units, 100 ft approximately equals 
30 m and 160 ft approximately equals 30 m. 

d For descriptions of building systems limited to buildings with a height of 240 ft (70m) or less. 
e For building systems limited to buildings with a height of 160 ft (50 m) or less. 

Structures excluded. 

g Plain concrete shear walls shall have nominal reinforcement. 

h Ordinary moment frames of reinforced concrete are not permitted as part of the seismic 
force-resisting system in seismic performance category B buildings founded on soil profile 
type E or F. 

Note: Data collected from the archives of the British Library in London and finally placed 
them in the given format. 

6.2.2. 1 Dual System 

For a dual system, the moment frame shall be capable of resisting at least 25% 
of the design forces. The total seismic force resistance is to be provided by the 
combination of the moment frame and the shear walls or braced frames in 
proportion to their rigidities. 

6.2.2.2 Combinations of Framing Systems 

Different structural framing systems are permitted along the two orthogonal 
axes of the building. Combinations of framing systems shall comply with the 
requirements of this section. 

6.2.2.3 Combination Factor 

The response modification coefficient R in the direction under consideration at 
any storey shall not exceed the lowest response modification factor R for the 
seismic force-resisting system in the same direction considered above that storey. 

6.2.2.4 Combination Framing Detailing Requirements 

The detailing requirements of the higher response modification coefficient R 
shall be used for structural components common to systems having different 
response modification coefficients. 
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6.2.2.5 Seismic Performance Categories A, B and C 

The structural framing system for buildings assigned to seismic performance 
categories A, B and C shall comply with the building height and structural 
limitations in Table 6.1. 

6.2.2. 6 Seismic Performance Category D 

The structural framing system for a building assigned to seismic performance 
category D shall comply with the above provisions and the additional provi- 
sions of this section. 

6.2.2.7 Limited Building Height 

The height limit in Table 6.2 may be increased to 240 ft (70 m) in buildings that 
have concrete cast-in-place shear walls. Such buildings shall have braced frames or 
shear walls arranged in one plane such that they resist no more than the following 
portion of the seismic forces in each direction, including torsional effects: 



Table 6.2 Plan structural irregularities 



Irregularity type and description 


Seismic 

performance 

category 

application 


1. Torsional irregularity 

To be considered when diaphragms are rigid in relation to the vertical 
structural elements that resist the lateral seismic forces 


D and E 


Torsional irregularity 

Shall be considered to exist when the maximum storey drift, computed 
including accidental torsion, at one end of the structure transverse to an 
axis is more than 1.2 times the average of the storey drifts at the two ends 
of the structure 


C, D and E 


2. Re-entrant corners 

Plan configurations of a structure and its lateral force-resisting system 
contain re-entrant corners, where both projections of the structure beyond 
a re-entrant corner are greater than 15% of the plan dimension of the 
structure in the given direction 


D and E 


3. Diaphragm discontinuity 

Diaphragms with abrupt discontinuities or variations in stiffness, 
including those having cut out or open areas greater than 50% of the gross 
enclosed diaphragm area, or changes in effective diaphragm stiffness of 
more than 50% from one storey to the next 


D and E 


4. Out-of-plane offsets 

Discontinuities in a lateral force resistance path, such as out-of-plane 
offsets of the vertical elements 


D and E 


5. Non-parallel systems 

The vertical lateral force-resisting elements are not parallel to or 
symmetric about the major orthogonal axes of the lateral force-resisting 
system 


C, D and E 
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(a) 60% where the braced frame or shear walls are arranged only on the 
perimeter. 

(b) 40% where some of the braced frames or shear walls are arranged on the 
perimeter. 

(c) 30% for other arrangements. 



6.2.2.8 Interaction Effects 

Moment-resisting frames that are enclosed or adjoined by more rigid elements 
not considered to be part of the seismic force-resisting system shall be analysed 
and designed so that the action or failure of those elements will not impair the 
vertical. 



6.2.2.9 Deformational Compatibility 

Every structural component not included in the seismic force-resisting system in 
the direction under consideration shall be designed to be adequate for the 
vertical loadcarrying capacity and the induced moments resulting from the 
design storey drift. 

6.2.2.10 Special Moment Frames 

A special moment frame that is used but not required by Table 6.1 is permitted 
to be discontinued and supported by a more rigid system with a lower response 
modification coefficient. Where a special moment frame is required by 
Table 6.1., the frame shall be continuous to the foundation. 

6.2.2.11 Seismic Performance Category E 

The framing systems of buildings assigned to category E shall conform to the 
code requirements for category D and to the additional requirements and 
limitations of this section. The height limitation shall be reduced from 240 to 
160 ft (from 70 to 50 m). 



6.2.2.12 Seismic Building Configuration 

Buildings shall be classified as regular or irregular based on the criteria in this 
section. Such classification shall be based on the plan and vertical configuration. 



6.2.2.13 Plan Irregularity 

Buildings having one or more of the features given in Table 6.2 shall be 
designated as having plan structural irregularity and shall comply with the 
requirements in the codes. 
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6.2.2.14 Vertical Irregularities 

Buildings having one or more of the features given in Table 6.3 shall be 
designated as having vertical irregularity and shall comply with the require- 
ments in the relevant sections of the code. 



Table 6.3 Vertical structural irregularities 



Irregularity type and description 


Seismic performance 
category application 


1 . Stiffness irreg4larity - soft storey 

A soft storey is one in which the lateral stiffness is less than 
70% of that in the 

storey above or less than 80% of the average stiffness of the 
three storeys above 


D and E 


2. Weight (mass) irregularity 

Mass irregularity shall be considered to exist where the 
effective mass of any 

storey is more than 150% of the effective mass of an 
adjacent storey. A roof 

that is lighter than the floor below need not be considered 


D and E 


3. Vertical geometric irregularity 

Vertical geometric irregularity shall be considered to exist 
where the horizontal dimension of the lateral force-resisting 
system in any storey is more than 130% 
of that in an adjacent storey 


D and E 


4. In-plane discontinuity in vertical lateral force-resisting 
elements 

An in-plane offset of the lateral force-resisting elements 
greater than the length of 

those elements or a reduction in stiffness of the resisting 
element in the storey below 


D and E 


5. Discontinuity in capacity-weak storey 

A weak storey is one in which the storey lateral strength is 
less than 80% of that 

in the storey above. The storey strength is the total strength 
of all seismic- 

resisting elements sharing the storey shear for the direction 
under consideration 


B, C, D and E 



6.3 Combination of Load Effects 

The effects on the building and its components due to gravity loads and seismic 
forces shall be combined in accordance with the factored load combinations as 
presented in ANSI and ASCE 7 except that the effect of seismic loads E shall be as 
defined herein. For other codes a reference is made for combination of load effects. 

The effect of seismic load E shall be defined as follows for load combinations 
in which the effects of gravity and seismic loads are additive: 

E =Q E + 0.5 C a D (6.1) 
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where E is the effect of horizontal and vertical earthquake-induced forces; C a ” 
is the seismic coefficient based on the soil profile type and the values of C a as 
determined; D is the effect of dead load and Q E is the effect of horizontal seismic 
forces. 

The effect of seismic load E shall be defined by (6.2) as follows for load 
combinations in which the effects of gravity counteract seismic load: 



where E , Q E , C a and D are as defined above. 

The load factor on E need not be taken as greater than 1.0 in factored load 
combinations when using the seismic loads as defined in these provisions. 

For columns supporting discontinuous lateral force-resisting elements, the 
axial force in the columns shall be computed using the most critical load 
combinations. Load combinations including seismic loads shall also be inves- 
tigated, except that the effect of seismic load E shall be defined by (6.3) as 
follows: 



where E, Q E , C a and D are as defined above and R is the response modification 
coefficient as given in Table 6.1. The axial forces in such columns need not 
exceed the capacity of other elements of the structure to transfer such loads to 
the column. 

Brittle materials, systems and connections shall be designed using the most 
critical load combinations. Load combinations including seismic loads shall 
also be investigated, except that the effect of seismic load E shall be defined by 
(6.6) as follows: 



where E, R, Q E , C a and D are as defined above. 

The factor (2 R/ 5) shall be equal to or greater than 1.0. The term 0.5 C a is 
permitted. 



6.4 Deflection and Drift Limits 

The design storey drift A as determined shall not exceed the allowable storey 
drift A a as obtained for any torsional effects (Table 6.4). All portions of the 
building shall be designed and constructed to act as an integral unit in resisting 



E = Q e — 0.5C a D 



( 6 . 2 ) 




(6.3) 




(6.4) 
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Table 6.4 Allowable storey drift A a (in or mm) 



Building 


Seismic Hazard 

I 


Exposure group 

II III 


Buildings, other than masonry shear wall or 
masonry wall frame buildings, four storeys 
or less in height with interior walls, 
partitions, ceilings and exterior wall systems 
that have been designed to accommodate the 
storey drifts 


0.025 h s /’ b 


0.020 h sx 


0.015 h sx 


Masonry cantilever shear wall buildings 


0.010 h sx 


0.010 h sx c 


0.010 h sx 


Other masonry shear wall buildings 


0.007 h sx 


0.007 h sx c 


0.007 h sx 


Masonry wal4 frame buildings 


0.010 hj 


0.013 h sx 


0.010 h sx 


All other buildings 


0.020 h sx 


0.015 h sx 


0.010 h sx 



a h sx is the storey height below level x. 

b There shall be no drift limit for single-storey buildings with interior wall partitions, ceilings 
and exterior wall systems that have been designed to accommodate the storey drifts. 
c Buildings in which the basic structural system consists of masonry shear walls designed as 
vertical elements cantilevered from their base foundation support which are so constructed 
that moment transfer between shear walls (coupling) is negligible. Data collected from the 
Library of ASCE, (U.S.A.) 

seismic forces unless separated structurally by a distance sufficient to avoid 
damaging contact under total deflection. 



6.5 Equivalent Lateral Force Procedure 
6.5.1 General 

This section provides the required minimum standards for the equivalent lateral 
force procedure of seismic analysis of buildings. For purposes of analysis, the 
building is considered to be fixed at the base. 



6.5.2 Seismic Base Shear 

The seismic base shear V in a given direction shall be determined in accordance 
with the following equation: 



V=C 3 W (6.5) 

where C 3 is the seismic response coefficient and W is the total dead load and 
applicable portions of other loads listed below. 

(a) In areas used for storage, a minimum of 25% of the floor live load shall be 
applicable. Floor live load in public garages and open parking structures is 
not applicable. 
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(b) Where an allowance for particular load is included in the floor load design, 
the actual partition weight or a minimum weight of 10 psf (0.5 kN/m 2 ) of 
floor area, whichever is greater, shall be applicable. 

(c) Total operating weight of permanent equipment. 



6.5.2. 1 Calculation of Seismic Response Coefficient 

When the fundamental period of the building is computed, the seismic response 
coefficient C s ; shall be determined in accordance with the following equation: 

C s = (1.2Ck))/( j R7’ 2 / 3 ) (6.6) 



where 

C v = the seismic coefficient based on the soil profile type and the value of A v 
R = the response modification factor 
T = the fundamental period of the building (s). 

A soil-structure interaction reduction is permitted when determined using 
the generally accepted procedures approved by the regulatory agency. 

Alternatively, the seismic response coefficient need not be greater than the 
following: 

C s = (2.5 Cl)/ R (6.7) 

where R is as above and C s is the seismic coefficient based on the soil profile type 
and the value of A a . 



6.5.3 Period Determination 

The fundamental period T of the building in the direction under consideration 
shall be established using the structural properties and deformational charac- 
teristics of the resisting elements in a properly substantiated analysis. The 
fundamental period T shall not exceed the product of the coefficient for upper 
limit on calculated period C u from Table 6.5 and the approximate fundamental 
period T a determined from the appropriate requirements. 



6.5.3. 1 I Approximate Fundamental Period for Concrete and Steel 
Moment-Resisting Frame Buildings 

The approximate fundamental period, T a in seconds, shall be determined from 
the following equation: 



T a = C r h 3 J 4 



( 6 . 8 ) 
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Table 6.5 Coefficient for upper limit on calculated period 



Seismic coefficient C v 


Coefficient C v 


>0.4 


1.2 


0.3 


1.3 


0.2 


1.4 


0.15 


1.5 


0.1 


1.7 


0.05 


1.7 



where C T = 0.039 for moment-resisting frame systems of reinforced concrete in 
which the frames resist 100% of the required seismic force and are not enclosed or 
adjoined by more rigid components that will prevent the frames from deflecting 
when subjected to seismic forces (the metric coefficient is 0.0731); C T = 0.020 for 
all other building systems (the metric coefficient is 0.0488) and h n = the height (ft 
or m) above the base to the highest level of the concrete structures. 

Alternatively, the approximate fundamental period, T a in seconds, shall be 
determined from the following equation for concrete structures and moment- 
resisting frame buildings not exceeding 12 storeys in height and having a 
minimum storey height of 10 ft (3 m). 

T a = 0.1 N 

where N is the number of storeys. 



6.5.4 Vertical Distribution of Seismic Forces 

The lateral forces F x (kip or kN) induced at any level shall be determined from 
the following equations by all codes: 

F x = C vx V (6.9) 



and 



C 



vx 




( 6 . 10 ) 



where 

C vx = vertical distribution factor 

V = total design lateral force or shear at the base of the building (kip or kN) 
and W x = the portion of the total gravity load of the building W located 
or assigned to level i or x 

hj and h x = the height (ft or m) from the base to level i or x and 
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K= an exponent related to the building period as follows: 

For buildings having a period of 0.5 s or less, k=\ 
for buildings having a period of 2.5 s or less, k = 1 

for buildings having a period between 0.5 and 2.5 s, k shall be 2 or shall be 
determined by linear interpolation between 1 and 2. 



6.6 Horizontal Shear Distribution 

The seismic design storey shear in any storey V x (kip or kN) shall be determined 
from the following equation: 



where F t is the portion of the seismic base shear V (kip or kN) induced at level i. 

The seismic design storey, V x (kip or kN), shall be distributed to the various 
vertical elements of the seismic force-resisting system in the storey under con- 
sideration, based on the relative lateral stiffness of the vertical-resisting ele- 
ments and the diaphragm. 



6.6.1 Torsion 

The design shall include the torsional moment, M (kip-ft or kNm), resulting 
from the location of the structure (masses plus the accidental torsional 
moments, M ta (kip-ft or kNm)) caused by assumed displacement of the base 
each way from its actual location by a distance equal to 5% of the dimension of 
the building perpendicular to the direction of the applied forces. 

Buildings of seismic performance categories C, D and E, where type 1 
torsional irregularity exists, shall have the effects accounted for by increasing 
the accidental torsion at each level by a torsional amplification factor A x 
determined from the following equation 



where <5 max is the maximum displacement at level x (in or mm) and <5 avg is the 
average of the displacements at the extreme points of the structure at level x (in 
or mm). 

The torsional amplification factor A x is not required to exceed 3.0. The more 
severe loading for each element shall be considered for design. 



V x = Z x F t 



(6.11) 




(6.12) 
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6.6.2 Overturning (determined by all codes) 

The building shall be designed to resist overturning effects caused by the seismic 
forces. At any storey, the increment of overturning moment in the storey under 
consideration shall be distributed to the various vertical force-resisting elements in 
the same proportion as the distribution of the horizontal shears to those elements. 

The overturning moments at level x, M x (kip-ft or kNm), shall be determined 
from the following equation: 

M x = T^ x F i {h i = h x ) (6.13) 



where 

F t = the position of the seismic base shear V included at level i, 
hi and h x = the height (ft or m) from the base to level i or x, 
t = 1.0 for the top 10 storeys, 

t = 0.8 for the 20th storey from the top and below, and 
t = a value between 1.0 and 0.8 determined by a straight line interpolation 
for storeys between the 20th and 10th storeys below the top. 

The foundations of buildings except inverted-type structures shall be 
designed for the foundation overturning design moment, M (kip-ft or kNrn), 
at the foundation soil interface determined using the equation for the over- 
turning moment at level M (kip-ft or kNm) with an overturning moment 
reduction factor T of 0.75 for all building heights. 



6.7 Drift Determination and P — A Effects 

Storey drifts and, where required, member forces and moments due to P — A 
effects shall be determined in accordance with this section. 



6.7.1 Storey Drift Determination ( determined by all codes) 

The design storey drift shall be computed as the difference between the deflec- 
tions at the top and bottom of the storey under consideration. The deflections of 
level x at the centre of the mass, 5 X (in or mm), shall be determined in accor- 
dance with the following equation: 



<5* = C d 8 xc 



(6.14) 



where 

C d = the deflection amplification factor 

8 XC = the deflections determined by an elastic analysis (in or mm) 
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Where applicable, the design storey drift, A (in or mm) shall be increased by 
the incremental factor relating to the P — A effects. 



6.7.2 P—A Effects (determined according to all codes) 

P — A effects on storey shears and moments the resulting member forces and 
moments, and the storey drifts induced by these effects are not required to be 
considered when the stability coefficient 6 , as determined by the following 
equation, is equal to or less than 0.10: 



e = ( p x A)/(v x h sx c d ) 



(6.14a) 



where 

P x = the total vertical design load at and above level x (kip or kN); when 
calculating the vertical design load for purposes of determining P — A 
the individual load factors need not exceed 1 .0 
A = the design storey drift occurring simultaneously with V~ (in or mm) 
V x = the seismic shear force acting between level x and x— 1 (kip or kN) 
h sx = the storey height below level x (ft or m) 

C d = the deflection amplification factor 

The stability coefficient B shall not exceed 0 max determined as follows: 

0max = O.5/08Q) < 0.25 (6.14b) 

where (3 is the ratio of shear demand to shear capacity for the storey between 
level x and x— 1. The ratio may be conservatively taken as 1.0. 

When the stability coefficient 0 is greater than 0.10 but less than or equal to 
0 mSLX the incremental factor is related to P—A. 

To obtain the storey drift for including the P—A effect, the design storey drift 
determined shall be multiplied by 1 .0/(1 — 6). When 6 is greater than 0 max the 
structure is potentially unstable and shall be redesigned. 



6.8 Modal Analysis Procedure: Codified Approach 
6.8.1 Introduction 

A reference is made to the model analysis in Chap. 4 with examples. This section 
provides required standards for the modal analysis procedures of seismic ana- 
lysis of structures. The symbols used in this method of analysis have the same 
meaning as those for similar terms with the subscript m denoting quantities in 
the mth mode. The structure shall be modelled as a system of masses lumped at 
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various levels with each mass having one degree of freedom - that of lateral 
displacement in the direction under consideration. 

The analysis shall include, for each of two mutually perpendicular axes, at 
least the lowest three modes of vibration or all modes of vibration with periods 
greater than 0.4 s. The number of modes shall equal the number of storeys for 
buildings less than three storeys in height. 

The required periods and mode shapes of the building in the direction under 
consideration shall be calculated by established methods of structural analysis 
for the fixed-base condition using the masses and elastic stiffnesses of the 
seismic force-resisting system. A reference is made to Chap. 5 for modal and 
Chap. 6 for other analyses and solution procedures. 



6.8.2 Modal Base Shear as by Codified Methods 

The portion of the base shear contributed by the mth mode, Vm, shall be 
determined from the following equations: 



Cm — C sm J Vyi 



m _ Y-/7 / 2 



(6.15) 

(6.16) 



where 

C sm = the modal seismic response coefficient determined below 
W m = the effective modal gravity 

Wj = the portion of the total gravity load of the building at level i and 
(j) im = the displacement amplitude at the zth level of the building when 
vibrating in its mth mode. 



The modal seismic response coefficient C sm shall be determined in accor- 
dance with the following equation: 



C sm = (1.2 C V )/(RT^ 3 ) (6.17) 



where 

C v = the seismic coefficient based on the soil profile type and the value A v 
R = the response modification factor determined from Table 6.1 and 
T m = the modal period of vibration (in seconds) of the mth mode of the 
building. 

The modal seismic design coefficient C sm is not required to exceed 2.5 times 
the seismic coefficient C a divided by the response modification factor R. 

The following are the exceptions. 
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(a) The limiting value is not applicable to seismic performance category 0 and E 
buildings with a period of 0.7 s or greater located on soil profile type E or F 
sites. 

(b) For buildings on sites with soil profile type D, E or F, the modal seismic 
design coefficient C sm for modes other than the fundamental mode that 
have periods less than 0.3 s is permitted to be determined by the following 
equation: 



C S1 



=§o.° 



5.0 T m ), 



(6.18) 



where R and T m are as defined above and C a is the seismic coefficient based 
on the soil profile type and the value of A a _ 

(c) For buildings where any modal period of vibration T m exceeds 4.0 s, the 
modal seismic design coefficient C sm for that mode is permitted to be 
determined by the following equation: 



C ST 



3C a 

rtT 



(6.19) 



where R and T m are as defined above and C a is the seismic coefficient based on 
the soil type and the value of A v . 

The reduction due to soil structure-concrete interaction may be used. 



6.8.3 Modal Forces , Deflection and Drifts 

The modal force F xm at each level shall be determined by the following 
equations: 

F vm = C vxm V m (6.20) 



and 



C 



vxm 






( 6 . 21 ) 



where C vsm = the vertical factor in the mth mode except that for buildings 
where the gravity load is concentrated at a single level, it shall be taken as equal 
to W. 

The reduced based shear V shall in no case be taken as less than 0.7 V. 

V m = the total design lateral force or shear at the base in the mth mode 
w h w x = the portion of the total gravity load of the building W located or 
assigned to level i or x 
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4> xm = the displacement amplitude at the xth level of the building when 
vibrating in its mth mode and 

0 im = the displacement amplitude at the 8 xm level of the building when 
vibrating in its mth mode. 



and 



5 



xm 



C d <5 



xem 



( 6 . 22 ) 




(6.23) 



where 

C d = the deflection amplification factor determined from Table 6.1 

S xem = the deflection level x in the mth mode at the centre of the mass at level 
x determined by an elastic analysis 
g = the acceleration due to gravity ( rt/s 2 or rtl/s 2 ) 

T m = the model period of vibration in seconds of the mth mode of the 
building 

F xm = the portion of the seismic base shear in the mth mode induced at level 
x and 

W x = the portion of the total gravity load of the building W located or 
assigned to level x. 

The modal drift in a storey A m shall be computed as the difference between 
the deflections b xm at the top and bottom of the storey under consideration. 



6.8.4 Soil-Concrete Structure Interaction Effects 

6.8.4.1 General 

The provisions set forth in this section may be used to incorporate the effects of 
soil-concrete structure interaction in the determination of the design earth- 
quake forces and the corresponding displacement of the building. The use of 
these provisions will decrease the design values of the base shear lateral forces 
and overturning moments but may increase the computed values of the lateral 
displacements and the secondary forces associated with the P — A effects. The 
coded method of soil-concrete structure interaction can be compared with the 
results obtained from the finite element analysis given in Chap. 5. 



6.8.4.2 Equivalent Lateral Forces Procedure 

The following provisions are supplementary to those presented above. 
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6.8.4.3 Base Shear 

To account for the effects of soil-concrete structure interaction, the base shear 
V determined may be reduced to 



V= V-AV 



The reduction AV shall be computed as follows: 



AV = 




W 



(6.24) 



(6.25) 



where 



C s = the seismic response coefficient computed using the fundamental 
natural period of fixed-base structure T or T a , or the seismic response 
coefficient computed using the fundamental natural period of flexibly 
supported structure (7) 

P= the fraction of critical damping for the structure-foundation system 
W = the effective gravity load of the building which shall be taken as 0.7 W, 
except that for buildings where the gravity load is concentrated at a 
single level, it shall be taken as equal to W. 

The reduced base shear V shall in no case be taken as less than 0.7 f 



6.8.4.4 Effective Structural Period 

The effective period T shall be determined as follows: 





(6.26) 



where 

T = the fundamental period of the concrete structures 
k = the stiffness of the concrete structure when fixed at the base 
h= the effective height of the structure which shall be taken as 0.7 times the 
total height 



fi = 4nl {jf) (6 - 27) 

h except that for buildings where the gravity load is effectively concentrated at a 
single level, it shall be taken as the height to that level; K y is the lateral stiffness 
of the foundation defined as the static horizontal force at the level of the 
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foundation necessary to produce a unit deflection at that level, the force and the 
deflection being measured in the direction in which the structure is analysed; K e 
is the rocking stiffness of the foundation defined as the static moment necessary 
to produce a unit average rotation of the foundation, the moment and rotation 
being measured in the direction in which the structure is analysed and g is the 
acceleration due to gravity. 

The foundation stiffnesses K and K e shall be computed by established methods 
using soil properties that are compatible with the soil strain levels associated with 
the design earthquake motion. The average shear modulus G for the soils beneath 
the foundation at large strain levels and the associated shear wave velocity V s 
needed in these computations shall be determined from Table 6.6. 



Table 6.6 Values of G/G 0 and F s /v so 





Ground 

<0.10 


Acceleration 

<0.15 


Coefficient 

<0.20 


<0.30 


Value of GIG 0 


0.81 


0.64 


0.49 


0.42 


Value of F s /v so 


0.90 


0.80 


0.70 


0.65 



V so = the average shear wave velocity for the soils beneath the foundation at 
small strain levels (10 _3 % or less) 

G 0 = yv 2 so /g = the average shear modulus for the soils beneath the 
foundation at small strain levels and 
y = the average unit weight of the soils 

For concrete structures supported on mat foundations that rest at or near the 
ground surface or are embedded in such a way that the side wall makes contact 
with the soil, it cannot be considered to remain effective during the design ground 
motion; the effective period of the building may be determined as follows: 




1 + 



25ar/z 



\.\lrh 2 \ 



(6.28) 



where a = the relative weight density of the structure and the soil defined by 



W 

a = ~rr 

yA 0 h 

r a and r m = characteristic foundation lengths defined by 



(6.29) 



and 




(6.30) 



(6.31) 
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The quantity r is a characteristic foundation length that shall be determined 
as follows. 

For h/Lo < 0.5 



r = r m = 




For 



h/L 0 < 0.5 



(6.32) 



(6.33) 



where 

L 0 = the overall length of the side of the foundation in the direction being 
analysed 

A 0 = the area of the load-carrying foundation and 
I Q = the static moment of inertia of the load-carrying foundation 

For intermediate values of /z/L 0 the value of r shall be determined by linear 
interpolation. 



6.9 Methods of Analysis Using Soil-Structure Interaction 
6.9.1 General Introduction 

Dynamic analysis may be used for the design of any concrete structures inter- 
acting with soils. Some analyses are given below: 

(a) response-spectrum analysis with and without seismically isolated structures 

(b) time-history analysis with and without seismically isolated structures 

These methods have been dealt with in Chap. 5. 



6.9.2 Response-Spectrum Analysis 

Response-spectrum analysis shall be performed using a damping value equal to 
the effective damping of the isolation system or 30% of critical, whichever is 
less. This method is given in Chap. 5. 

Response-spectrum analysis is used to determine the total design displace- 
ment, and the total maximum displacement shall include simultaneous excita- 
tion of the model by 100% of the most critical direction of ground motion and 
30% of the ground motion on the orthogonal axis. The maximum displacement 
of the isolation system shall be calculated as the vectorial sum of the two 
orthogonal displacements. 
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The design shear at any storey shall not be less than the storey shear obtained 
using the value of V s taken as equal to the base shear obtained from the 
response-spectrum analysis of the direction of interest. 



6.9.3 Time-History Analysis 

Time-history analysis shall be performed with at least three appropriate pairs of 
horizontal time-history components as defined. 

Each pair of time histories shall be applied simultaneously to the model, 
considering the most disadvantageous location of mass eccentricity. The max- 
imum displacement of the isolation system shall be calculated from the vectorial 
sum of the two orthogonal components at each time step. 

The parameter of interest shall be calculated for each time-history analysis. If 
three time-history analyses are performed, the maximum response of the para- 
meter of interest shall be used for design. If seven or more time-history analyses 
are performed, the average value of the response parameter of interest shall be 
used for design. For each pair of horizontal ground of components, the square 
root sum of the squares (SRSS) of the 5% damped spectrum of the scaled 
horizontal components shall be constructed. The motions shall be scaled such 
that the average value of the SRSS spec4ra does not fall below 1 .3 times the 5% 
damped spectrum of the design earthquake (or maximum capable earthquake) 
by more than 10% in the period range of 77 from minus 1.0 s to 77 plus 1.0. 

Time histories developed for sites within 15 km of a major active fault shall 
incorporate near-fault phenomena. In both cases the analyses shall be per- 
formed using specific earthquake input. 

The design earthquake shall be used to calculate the total design displace- 
ment of the isolation system and the lateral forces and displacements of the 
isolated structure. The maximum capable earthquake shall be used to calculate 
the total maximum displacement of the isolation system. The details of this 
method are given in Chap. 5. 



6.9.4 Characteristics of Interaction 

The interaction effects in the approach used here are expressed by an increase in 
the fundamental natural period of the structure and a change (usually an 
increase) in its effective damping. The increase in period results from the 
flexibility of the foundation soil, whereas the change in damping results mainly 
from the effects of energy dissipation in the soil due to radiation and material 
damping. These statements can be clarified by comparing the responses of 
rigidity and elastically supported systems subjected to a harmonic excitation 
of the base. Consider a linear structure of weight W, lateral stiffness k and 
coefficient of viscous damping c (shown in Fig. 6.1) and assume that it is 
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supported by a foundation of weight W 0 at the surface of a homogeneous elastic 
half-space. 

As an example, the foundation weight and the weight of the structure are 
assumed for a circular footing to be uniformly distributed over a circular 
area of radius r. The base excitation is generally specified by the free-field 
motion of the ground surface. This is taken as horizontally directed motion 
with a period T 0 and an acceleration of amplitude a m . The rotation of the 
foundation is 6 and the displacement to the base of the top of the structure 
designated as u. 

The response spectra for hjr = 1 and /z/r = 5 for the structure can be plotted 
as shown in Figs. 6.2 and 6.3. The solid lines represent response spectra for the 
steady-state amplitude of the total shear for different values of </> 0 -the relative 
flexibility parameter for the soil and the structure concerned. The results are 
displayed in a dimensionless form, the abscissa representing the ratio of the 
period of the excitation T 0 to the fixed-base natural period of the system T and 
the ordinate showing the ratio of the amplitude of the actual base shear V to the 
amplitude of the base shear. The value of m = W/g in a product ma m where a m 
is the acceleration amplitude of the free-field ground motion. The inclined 
scales represent deformation amplitude of the superstructure. They are the 
plots produced by Veletsos and Meek. 

Having given the background to the seismic criteria and the soil-concrete 
structure interaction, it now becomes essential to present mathematical data on 
the site seismic response. They are given in Figs. 6.1, 6.2 and 6.3. 
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Fig. 6.2 A comparative 
study of exact and SDF 
oscillator result (h/r= 1) 




Fig. 6.3 A comparative 
study of exact and SDF 
oscillator results (h/r = 5) 
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6.10 Site Response - A Critical Problem in Soil-Structure 
Interaction Analyses for Embedded Structures 

6.10.1 Vertical Earthquake Response and V—A Effect 

The methodology for vertical and horizontal response analysis is the same in 
principle. However, the difference in vibrational properties of the structure has 
str4ng influences in response analysis. At least the following three influences 
exist. 

First, the amplitude and spectral contents of earthquake motion vary with 
the magnitude and distance of the earthquake, but differently in the horizontal 
and vertical directions; the relative amplitude of the vertical motion is higher for 
sites in the epicentral region. 

Second, the possible variation for both amplitude and frequency content is to 
be considered when analysing the response in the vertical direction. 

Third, the vertical vibration response of vertical members is mainly from 
axial forces while the horizontal response is from the shear and bending forces. 
The hysteretic property for different loads may be different, especially in the 
non-linear range; the P — A effect will produce a descending branch in the 
force-deformation curve. 



6.10.2 P -A Effects 

In an elastic system, P - A may also introduce non-linearity. This effect is very 
important for high-rise structures and inelastic structures. 

For a single mass system as shown in Fig. 6.4 the P — A effect is the secondary 
moment produced by the axial force F(t) and the vertical inertial force 
M(v + v g ) on the deflection u, which is equivalent to an additional horizontal 
force 

[F(t) + M(v + v g )]u/H (6.34) 

where v g is the vertical ground acceleration and v is the relative vertical accel- 
eration of the mass. Because vertical vibration is also considered, there are now 
two degrees of freedom and two equations of motion 

Mu + C u u + K U = P(t ) - Mu g - [F(t) + M(y + v g )]u/H (6.35) 

Mv + C v v + k v v = F(t) - Mv g (6.36) 

where C u , C v are, respectively, the damping coefficient and stiffness of the 
system in the horizontal and vertical directions. It is seen here that the last 
term in (6.38) makes the problem non-linear. 
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Fig. 6.4 P — A effects 



F(t) 



Vq 




H 



Mu + C u u + K u = P — Mu g = /?(f) 

= <2o + ^^[ a j cos <0/* + bj sin cojt] 
quad = CjQxp(icOjt) 



(/=/, oo) (6.37) 

(/= -oo,oo) 



where coefficient C 7 = — ibd/2 for j > 0 or Cj = (tz y - = /Zy)/2 for j < 0 is 

complex and C 0 = a 0 ; i= (— 1) 1/2 ; co_ 7 = co 7 ; C 7 = C_ 7 , the Fourier development 
gives the following result: 



p(t) = ZCjQxp(icOjt) 

1 (6.38) 

Cj = — / /?(*) exp(-/co^)dr 

Jo 

where T p is the total duration of motion, as shown in Fig. 6.6, including a 
dynamic part and a quiescent part and the latter is added for the convenience of 
fast Fourier transform (FFT) computation. In FFT, the total duration T p is 
divided into N intervals of /, and N = 2 M, where M and N are integers. The 
most commonly used N values are 1024, 2048 or 4096. The selection of At = T p / 
N < T m i n jz is controlled by high-frequency components and T p should be 
several times the greater period considered. 
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Fig. 6.5 Frequency spectra 
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Fig. 6.6 Acceleration-time relationship 
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6.10.2.1 The Use of Transfer Function 

The transfer function plays an important role in frequency domain analysis as 
described in Chap. 5. It is the ratio of the stationary response to the simple 
harmonic input. Where p(t) = Cexp(icot), the stationary response of an SDF 
system is 



u(t) = H(ioo)C exp(icot) 
and the transfer function is then 

H(m) = 4) = 1 



p(t) —moj 2 + iCco + k 

l - ys 2 + 2 %p 



(6.39) 



(6.40) 



(6.41) 



where /? = co 0 is the ratio of the input motion frequency co and the natural 
frequency co 0 = (k/m) 1/2 of the system. The transfer function is complex; its 
modulus [H(ica)\ is the ratio of the amplitudes of the response and the input, and 
the phase angle of H(ico) is the difference between the phase angles of the 
response and the input. There are many transfer functions. For earthquake 
motion u g (t) 



it + I^COqU + co 2 uo = u g 



(6.41a) 



and the transfer function of the relative displacement u(i) of the system to the 
input u 



Hu(ico) = (cog — oj 2 + li^cooco) 1 = (cog — <x> 2 ) 2 + 4^ 2 c0qC0 21 
4> = tan -1 [(2 ^cooco)/(cOq — co 2 )] 



exp (/</>) 



(6.41b) 



From relations between the spectra of a function and its derivative, it is easy 
to find the transfer functions of relative velocity u(t) and the absolute accelera- 
tion u(t) + u g (t) to u g (t). With the transfer function found, the corresponding 
response in the time domain can be obtained from (6.41b) 



u(t) = ^ H u (icOj)Cj(co ) exp (icojt) 



(6.42) 



6.10.3 Frequency Domain Analysis of an MDF System 

The procedure is exactly the same as for the SDP system. Consider the earth- 
quake motion. 
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The Fourier transformation of this equation is 



(— co 2 M + icoC + K) U(ia > ) = -MIU g {im) 



(6.43a) 



or, in terms of the transfer function matrix, 



H(ico) = U°(ico) 



(6.43b) 



which is the ratio of the stationary system response matrix u(t) = U°(ia > ) 
exp(wwf) to input in the frequency domain and hence 



U{ico) = IU g {i(o) 



(6.43c) 



The computation of transfer function matrix H(ico) is time consuming. The 
response matrix u(t) can then be found from U(icu) by a Fourier transformation. 
To avoid the computation of H(ico ), the model response in frequency domain 
can be found 



After finding the model response Qj(t) in the time domain by Fourier 
transformation, the total response can be found. 

As mentioned before, any other response can be found in the same way if the 
corresponding transfer function is used. 

Instead of finding the structural response for a given ground motion U g {t) in 
the step-by-step integration method, the response spectrum method finds the 
maximum structural response from the given response spectrum S a (co) of the 
ground motion. 



6.10.4 Some Non-linear Response Spectra 

In the linear case, because of the approximate relation, 



Note: All three spectra can be plotted on one tripartite grid diagram. These 
approximations do not hold in the non-linear case; there are then three possible 
non-linear response spectra. This method can be compared with the methods 
shown in Chap. 5. 

It is noted that for the non-linear yield response spectrum, the ordinate is not 
displacement response but the yield deformation which produces the displace- 
ment response t/ max = jm v where ji = [u miiX /Uy] is the ductility factor. The 
corresponding approximation in this case is 



Qj(ico) = Hj(ico) U g (m) 



(6.43d) 



Sq — coS Y — coS^ 



(6.44) 



S iX = coS v = ojS c i 



(6.45) 
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And the yield strength of the concrete structure is 




( 6 . 46 ) 



In an ideal elasto-plastic system, P y is the maximum internal force elastic 
limit of the deformation capacity u v which the system should have in order to 
limit the spectral acceleration, velocity and displacement to not over co 2 u y , cou y 
and u y , respectively. Here u y and ductility factor It are requirements of the 
capacity for the system. Finally, four structural factors (natural period, damp- 
ing ratio, type of hysteretic curve and the ductility factor n) and three ground 
motion parameters (peak acceleration A, velocity V and displacement D) are 
obtained for analysis. 



6.10.5 Soil-Structure Interaction Numerical Technique 

Soil-structure interaction (SSI) was first studied a long time ago in analysis of 
the vibration of machinery foundations but has developed greatly in the past 
two decades because of the rapid advances in computer technology. It may be 
classified into time and frequency domains in methodology or total structure 
concept or substructure and hybrid structure in structural decomposition. Most 
investigators have adopted frequency-domain analysis which has the following 
advantages. 

(a) It is convenient to consider the frequency-dependent foundation impedance 
when the whole system is divided into structure and ground. 

(b) The transmitting boundary for a finite element model or wave propagation 
theory is frequency dependent. 

Generally speaking, SSI analysis consists of four fundamental problems as 
follows: 

(i) The free-field problem: the rock (ground) motion is found from other given 
motions. 

(ii) The scattering problem: the response of the ground is studied with the 
structure removed at the contacts (Fig. 6.6) of the structure and ground. 
The different contact points of the hybrid structure are studied, including 
the foundation soil and the remaining half-space. 

(iii) Impedance: the displacements U c (co) exp (icot) at the contact points are 
found for forces applied at the contact point F c (co) exp (icot). The impe- 
dance matrix Is(co) = C -1 (co) or the flexibility matrix C(co) of the ground is 
defined in the following ratio: 



U c (co) = C(co)F c (co) 



( 6 . 47 ) 
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If the foundation of the structure is on the ground surface, the ground 
substructure is a half-space; for the case with only one horizontal layer on 
top of homogeneous space, there is an analytical solution for C(w). 

(iv) Finally, there is the soil-structure interaction (SSI) system. 



6.10.6 Substructure Method in the Frequency Domain 



Moreover, the methods of substructuring in finite element is fully described 
in Chap. 5. Figure 6.7a shows the FF system of the total structure or the 
frequency domain analysis. This method is also called the method of 
impedance, which divides the system into two substructures (substructures 
1 and 2) at the contact surface as shown in Fig. 6.7b, c, studies their 
responses separately first and combines them later to satisfy the continuity 
condition. It has been used in both time and frequency domains. 
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Fig. 6.7 A total structure and substructures 
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Let the known motion be a general three-dimensional time history ug(t ), 
whose frequency domain expression is U g {co) at some depth below the surface. 
The four primary problems are encountered: 

(a) Free-field response: the input motion u a (t) or U a (co) is evaluated as bedrock 
point “a” in Fig. 6.8d, the lower boundary of the ground substructure for 
given motional point g. Let the analysis use Din operator L\: 

L\ : u a (t), U a , (co) = u(t), U° g (co) (6.48) 

(b) Scattering problem: the response of substructure 2 is studied 

(Fig. VIII. 8(c)). Let there be an operator L x \ 

L* : u\(t), U°(co) = «a(0, U a (co) (6.49) 

(c) mpedance problem: the response of substructure 2 is studied (Fig. 6.8(c)) 
under an external excitation f c (t) = F c {co)F c {iojt) acting along one direction 
at any point c. The response at point c, u c (t ) = U c (co) exp (icot) for a given 
force fb(co) = F b (co)Qxp(icot) at point c is 

U c (co) = C(cd)F c (cd) F c (co) = I s (cd)U c (cd)C(cd) (6.50) 

(d) The response u b {t ) or U b (co) of substructure 1 under external forces f b (t) = 
F b (co) exp (icot) is studied at contact point b\ 

F b (co) = M b (co)co 2 U b (co) (6.51) 

where M b (co) is the equivalent, frequency-dependent mass matrix of the 
superstructure. 

The four primary problems are four steps to find the operators L\*, L 2 *, 
C(co) or I s (cd) and M b (co). The final solution is only an assemblage of the four to 
satisfy the compatibility requirement at the boundary points b and c. 

The continuity condition at boundary points b and c is that the displacement 
u b (t) or U b (cD) is equal to the sum of displacements u c °{t) or U c °(co) of substruc- 
ture 2 and the displacements u c (t ) or U c (w) due to the SSI effect of substructure 1 
on substructure 2: 

u b (t) = u° c (t) + u c (t) or b (co) = L^(co) + U c (co) (6.52) 

The equilibrium condition requires that the sum of forces f(t) or F c (cd) 
between the ground and foundation and the forces f b (t) or F b ( co ) between the 
structure and foundation resist the inertial force f t ( t) or Frfco) of the rigid 
foundation, i.e. 

u b {t) = u®(i) + u c {t) or F c (cjo) = M 0 co 2 U b (w) + F b (co) (6.53) 

where M 0 W 2 U b (co) is the Fourier transform of the inertial force fj(t) and M 0 the 
mass matrix of the rigid foundation. 
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From these Fourier equations it is finally found that 



U b {co) = {I - co 2 C(co)[M 0 + M b (®)]} _1 C/“(co) (6.54) 



or 



U b (co) = {/,(©) - co 2 [M 0 + M b (co)}}- 1 U° c (w) 
f° c (a>) = I s (w)U° c (a>) 



(6.55) 



(6.56) 



where / is the identity matrix. If three-dimensional ground motion is consid- 
ered, a rigid foundation has six components: three translational and three 
rotational, and / is 6 x 6. Equation (6.54) clearly shows the interactions. The 
effect of input motion u g (t) is represented by I/ c °(co), the foundation input 
motion obtained by operators L x and F 2 ; the interaction of the superstructure 
foundation and ground by the term C(co)[M 0 + M b (co)\ and U b (co) is the result of 
the input motion on the soil-structure system, from which the structural 
response is obtained. 

In (6.55), Fc(co) = / 5 (co)t/ c °(co) is the driving force vector which includes the 
forces and moments from the rigid foundation on the ground when points c of 
the substructure 2 tend to deform and the foundation resists the deformation. 
Equations (6.55) and (6.56) are easier to use than Eq. (6.54). 



6.11 Mode Superposition Method - Numerical Modelling 

The alternative numerical method under mode superposition given in Chap. 5 
can be adopted for superstructures. 

Mode superposition method is a method of using the natural frequencies and 
mode shapes from the modal analysis to characterize the dynamic response of a 
structure to transient or steady harmonic excitations. 

The equations of motion may be expressed as stated before in Chap. 5: 



where {F^ d } is the time-varying nodal forces; s is the load vector scale factor and 
{F} is the load factor from the modal analysis. 

The procedure of setting modal coordinates are clearly established as indi- 
cated in Chap. 5. Equation (6.57) is then reset and orthogonality conditions are 
established. Normality conditions given in (6.59) are established: 



[M]{u} + [C]{u} + [K]{u} = {F} 
{F} is the time-varying load vector given by 



(6.57) 



{F} = {F ld }+4F s } 



(6.58) 



= 1 



(6.59) 
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Using damping terms, the circular frequency for mode y, wy, is evaluated as 

w jy /(kj/Mj) (6.60) 

The rest of the procedure is clearly established. 

The complete mode shape can be derived for each sector from modal dis- 
placements. The displacement component (x,y,z) at any point in the global 
structures is then given by 



Ui = A cos 




(6.61) 



where ^ sector number; A = U A /cos </> 

0 = tan ~\U B ,i/U A ,i) 

U B> i 3 U At i = modal analysis component displacement values at point “i” 

As identification Chap. 5, the analysis requires mass moment of inertia, pro- 
ducts of inertia and energies in order to evaluate stress-strain at any point “i”. 
They are given as below as a repeat if one wants to use the method indicated in 
this chapter. 

6.12 Mass Moments of Inertia 

The computation of the mass moments and products of inertia as well as 
the model centroids is described in this section. The model centroids are 
computed as 

X c = A x /M 

Y c = A y /M (6.62) 

Z c = A z /M 



where typical terms are 

X c = X coordinate of model centroid 

N 

A X =J2 m iXi 

i= 1 

N = number of elements 
ffi i = mass of element i 

X t = X coordinate of the centroid of element i 

N 

M = m i mass of model centroid 

i= 1 
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The moments and products of inertia with respect to the origin are 

ixx = X ro 2 + ( Z; ) 2 ] 7 = = X + ( r-) 2 ] (6-63) 



/= 1 



i=l 



TV 



lyy = X "»i[(^) 2 + ( Z ') 2 ] 4 = - X ( U)] (6.64) 



/'=! 



/=! 



z=l 



N 

I%z — — m/[(J^/)(z/)] 



(6.65) 



/=! 



where typical terms are / xx = mass moment of inertia about the X axis through 
the model centroid and I xy = mass product of inertia with respect to the X and 
Y axes through the model centroid. 

The moment and products of inertia with respect to the model centroid (the 
components of the inertia tensor) are 



I' x = I xx -M[(Y c ) 2 + (Z c ) 2 } 

lyy = V - M[(X c f + (Z c ) 2 ] 

4 = i 2 - M[(x c f + (Y c ) 2 ] 

( 6 . 66 ) 

I' xy =l xy +MX C Y C 
4 = I yz + MY C Z C 
4 = I xz + MX C Z C 



where typical terms are V xx = mass moment of inertia about the X axis through 
the model centroid and V xy = mass product of inertia with respect to the X and 
Y axes through the model centroid. 

It may be seen from the above development that only the mass (m,) and the 
centroid (X h Y h and Z c ) of each element are included. Effects which are not 
considered are 

(a) the mass being different in different directions; 

(b) the presence of rotational inertia terms. 
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6.12.1 Energies 



Energies are available by setting 



( NINT 

\ E {<T} T { e el }vol, + J EP> 

1=1 

= < 

y \{u} J [K e \{u} 

= potential energy 



if element allows only displacement 
and rotational degrees of freedom 
(DOF) and either is non-linear 
or uses integration points 

all other cases 



= kinetic energy 

NINT NCS 

£?= E EM> e pl }voi ; . 

i=l j=l 

= plastic energy 

where 

{u} = element DOF vector 
{u} = time derivative of element DOF vector 
[K e ] = element stiffness/conductivity matrix 
[M e \ = element mass matrix 

6.13 Modelling of Isolators with Soil-Structure Interaction 
6.13.1 Introduction 



( 6 . 68 ) 



( 6 . 69 ) 



The design process for an isolation system will generally begin with a prelimin- 
ary design using parameters from a previous project or from data from a 
manufacturer to estimate the possible maximum displacement of the system 
and minimum values of various controlling quantities (such as shear strain) and 
also for estimating the structural base shear, stability of the isolators and 
possibility of uplift. After this preliminary design process is completed, exam- 
ples of the final design of the isolators will be ordered and subjected to the code- 
mandated prototype test programme. 

An innovative design strategy called “seismic isolation” provides an 
economic practical alternative for the design of new structures and the 
seismic rehabilitation of existing buildings, bridges and industrial equip- 
ment. Rather than resisting the large forces generated by earthquakes, 
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seismic isolation decouples the structure from the ground motion and thus 
reduces earthquake forces by factors of 5-10. This level of force reduction 
is very significant because it may eliminate the ductility demand on a 
structural system. 

The principle of seismic isolation is to introduce flexibility at the base of a 
structure in the horizontal plane, while at the sametime introducing damping 
elements to restrict the amplitude or extent of the motion caused by the earth- 
quake. The essential feature is to ensure that the period of structure is well 
above that of the predominant earthquake input. 

The advantages of seismic isolation include 

(a) the ability to eliminate ductility demand; 

(b) significant reduction of structural and non- structural damage; 

(c) enhancement of the safety of the building contents, occupants and archi- 
tectural facades; 

(d) reduction of seismic design forces. 

Seismic isolation should be considered if any of the following situations 
apply: 

(i) increased building safety, post-earthquake operability and business survi- 
vability are desired; 

(ii) reduced lateral design forces are desired; 

(iii) alternative forms of construction with limited ductility capacity (such 
as precast and prestressed concrete) are desired in an earthquake 
region; 

(iv) an existing structure is not currently safe for earthquake loads. 

Seismic isolation gives the option of providing a building with better perfor- 
mance characteristics than all current codes give. It therefore represents a major 
step forward in the seismic design of civil engineering structures. In the case of 
building retrofit, the need for isolation may be more obvious: the structure may 
simply not be safe in its present condition. In such cases, seismic isolation 
should be compared with alternative solutions, such as strengthening, to deter- 
mine the cost-effectiveness. 

Structures are generally suitable for seismic isolation if the following condi- 
tions exist: 

(1) height of structure is two storeys or greater (unless unusually heavy); 

(2) site clearance permits horizontal displacements at the base of about 6" 
(152 mm); 

(3) geometry of structure is not slender in elevation; 

(4) lateral wind loads or other non-seismic loads are less than approximately 
10% of the weight of the structure; 

(5) site ground motion is not dominated by long-period components. 

New impetus was given to the concept of seismic isolation by the successful 
development of mechanical energy dissipators and elastomers with high- 
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damping properties. Mechanical energy dissipators, when used in combina- 
tion with a flexible isolation device, can control the response of the structure 
by limiting displacements and forces, thereby significantly improving seismic 
performance. 



6.13.2 Isolation System Components 

Base isolation is now a mature technology and is used in many countries, and 
there are a number of acceptable isolation systems, the construction of which 
is well understood. Most systems used today incorporate either elastomer 
bearings with the elastomer being either natural rubber or neoprene, or 
sliding bearings, with the sliding surface being Teflon and stainless steel 
(although other sliding surfaces have been used). Systems that combine 
elastomeric bearings and sliding bearings have also been proposed and 
implemented. Some systems of base isolation are given in earlier chapters 
and in Chap. 5. 



6.13.3 Numerical Modelling of Equations of Motion 
with Isolators 

As mentioned in the previous sections, the elements used for base isolation 
structures (high-damping rubber bearings, lead-rubber bearings, hysteretic 
and viscous dampers) behave in the non-linear range under horizontal forces. 
Therefore, the non-linear behaviour of these isolation systems themselves 
has to be included in the discrete mathematical model of an isolated struc- 
ture. The dynamic equilibrium equations of an elastic system with non-linear 
isolators and energy-dissipating elements are given by the following 
expression: 



MU{t) + CU{t) + KU{t) + R N {t) = R(t ) (6.70) 



This is to be compared with the formulation in Chap. 5 for non-usage of 
isolators, where M, K and C are the mass matrix, the stiffness matrix and the 
damping matrix, respectively, for the whole elastic system. R(t ) is a time-varying 
load and R(t) N presents a vector of nodal forces in the non-linear isolators and 
the dissipating elements (dampers). 

The more economical way of solving (6.70), through transformation of 
(6.70) into generalized modal coordinates, is as follows: 

IX(t) + AX{t) = Q x {t) = F(t) - F N (t ) (6.71) 
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where 



4> T M(j) = I 

(j) J K(j) = diag[ct» 2 ] = Q 2 
F N (t) = <\ > T R(t) N 



(6.72) 



(6.73) 



(6.74) 



where F N ( t) versus A(t) can be related. 

If C is assumed to be proportional damping, then A = cp T C(p = diag[2<^coJ, 
where £ represents a modal damping ratio. The transformation matrix cp can 
represent either the eigen or the Ritz vectors for the whole model without the 
non-linear elements. Further direct integration of the system of equations can 
be done by means of the modal superposition method where only the first few 
vectors that participate in the total response of the system need to be included in 
the direct integration. 

During the integration of (6.70) the loads in the non-linear elements are 
calculated at the end of each time step. The loads are then transformed into 
modal loads and are added on the right side of Eq. (6.70). Iteration is performed 
within each time step until the loads converge. 

If linear isolators and viscous dampers are used to isolate the structure, matrix 
C will not be proportional to matrices M and K and will be given as follows: 



6.13.4 Displacement and Rotation of Isolation Buildings 

Plate 6.1 gives building displacement and rotation phenomena with isolation 
systems, with pads, rollers and the kinds; the phenomenon on soil-structure 
interaction is shown (Plate 6.1a,b,c). 

Plate 6.1a Resilient-friction base isolation system. The resilient-friction base 
isolation (R-FBI) bearing attempts to overcome the problem of the high friction 
coefficient of Teflon on stainless steel at high velocities by using many sliding 
interfaces in a single bearing. Thus, the number of layers divides the velocity 
between the top and bottom of the bearing so that the velocity at each face is 
small, maintaining a low friction coefficient (Plate 6. Id). In addition to the 
sliding elements, there is a central core of rubber that carries no vertical load but 
provides a restoring force. This is shown in Plate 6. Id. 



C = C d + C = diagpfffflj + c 



By substituting matrix C, the system assumes the following form: 



m 




i = 1,2, ... ,m 



i - 1 
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Isolated 

structure 
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Plate 6.1a Concrete structure-displacement phenomena 



Isolated 

structure 



GL 



Restraint device 
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Plate 6.1b Displacement of isolated structures 
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Plate 6.1c Displacement 
and rotation of concrete 
structures 



Plate 6. Id Isolators with 
low friction 



a 




Isolated 

structure 




6.13.4.1 Reactor Containment Building 

The actual cross-section of the TVA prestressed concrete containment building 
is given in Figs. 6.8 and 6.9. The finite element model is given in Fig. 6.10 using 
soil-structure interaction concept described in this chapter using the kobe 
earthquake in Japan; the complete deformed containment building with cracks 
in concrete and complete failure of prestressing tendons is shown in Fig. 6.11. 
This is the damage model for the Kobe earthquake of frequency 8. 5-9. 5 Hz. 
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Fig. 6.8 Typical section - wall and dome (courtesy of TV A and Bellefonte NPS) 
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0 ° 




tendon group ‘B’ middle layer 

Fig. 6.9 Plan of the dome. (Note: The typical dome tendon spacing is 978 mm, measured 
horizontally. The final prestressing force for each tendon group is 5453.25 kN/m) 
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Fig. 6.10 Non-linear model - Bellefonte 
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Fig. 6.11 Finite elements for 
the Bellefonte vessel 




Soil boundary 



Soil strata 



Base ^ 
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for containment vessels subjected to internal pressures up to 344.75 kN/m 2 
along with dead, live and prestressing loads. The idealized strata in case of 
the Bellefonte vessel are given in Fig. 6.11 for the vessel parameters shown in 
Figs. 6.9 and 6.10. 

( i) Missile loads (Y m ). In nuclear plant design, components and equipment should 
be protected against loss of function due to plant-generated and extreme environ- 
mental missile. Where a containment building is close to a major airport the damage 
caused by a otential missile such as an aircraft crash should be considered. 
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Chapter 7 

Response of Controlled Buildings - Case Studies 



7.1 Introduction 

This chapter deals with a number of buildings constructed with different 
materials, vertical and plain dimensions and variable floor areas. The height 
of a building is measured to its eaves level. The classification of building 
structure can be identified as made up of reinforced concrete with or without 
prestressing elements, structural steel, steel-concrete composite and many 
others in combination. The building can be built as three-dimensional 
moment frame with shear walls with individual spread footings or mat systems 
and RC/steel pile foundation. The building cited on site may have a different 
foundation or ground properties. Where ground properties are unknown, the 
analysis for soil structure interaction is based on Chap. 6 and Chap. 7, as per 
details given in Table 7.1. Various devices for the buildings have been 
described in this text and they have been used to make the building as 
controlled structures. For checking various buildings irrespective of how tall 
they are, the devices such as isolators, dampers contribute to control accel- 
eration, displacement, velocity and the total drift. A comparative study is 
made between the designer’s results and results produced by the author. In 
many areas the collaboration is excellent between the results given by the 
original designers and those evaluated by the author using three different 
computer packages, namely, programs ISOPAR, ETAB and SAP2000. 
Some results are presented in graphical form and some are compared in 
tabulated form as a comparative study of individual test cases for various 
constructed facilities. Seismic waveforms such as El-Centro NS and Taft EW 
have been adopted for cases where the information was not available. In some 
cases the waveform for Kobe earthquake has been used to evaluate various 
parameters. The reader has a choice to adopt any specific waveform for 
building in seismic area where information cannot, for some reason, be 
obtained. 

The author has analysed quite a few buildings of constructed facilities as 
controlled structures and related their displacement, velocities and accelera- 
tion to the height and total floor areas. The obvious problems are the 
intricate layouts of buildings and the relevant positioning of devices and 
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Table 7.1 Foundation properties 

Foundation strata 




Angle of incidence 0-deg 

Angle of incidence 1 0-deg 

Angle of incidence 30-deg 

Angle of incidence 60-deg 



0.1 0.2 0.6 1.0 2.0 6.0 10.0 20.0 
Period (sec) 

(b) Analytical value of ground periodic properties and amplification 
properties due to multiple reflections of SH waves 




Data provided by Moto Institute, Tokyo(1988) 

Note: For all analyses and design, the above is assumed. Where foundation soils do 
vary, the test results, if different, must be obtained for a site 
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their quantities. What the author has done is to reanalyse the existing con- 
structed facilities with and without devices. Displacement, velocities, accel- 
eration and storey drift were examined. If they are excessive without devices 
based on codified methods and practical limitations imposed, a simple 
numerical relation will give the number of devices needed to control the 
building. A random permutation and combination approach has been 
adopted. This random method of algebra would decide and confirm the 
initial numberof devices needed to make the building stand up to specific 
seismic waveform, with reduced displacements and accelerations of floors 
and foundation levels. The reduction of storey drift will then confirm the 
analysis to an acceptable level. It is envisaged that calculated initial numbers 
of devices may be lightly more or less depending upon the geometric loca- 
tions available in the overall layout. The author has noted that in such 
circumstances, the final prepared controlled structure has to be reanalysed 
using specific analysis. In many cases, the author has used dynamic non- 
linear time integration approach to reanalyse the building structure. The 
reanalysis will confirm whether or not its results will comply with the code 
limitations. At the reanalysis stage, the number of constructed facilities was 
checked again for displacement, velocity and acceleration and storey drift 
with known seismic devices at each floor level where such devices could also 
easily be accommodated. The net results are within 10% accuracy when 
author’s results were compared with those of the designers of the existing 
facilities. The results are summarized for each building of constructed facility 
in the form of data, tables and graphs. 



7.2 Building With Controlled Devices 

Examples of response-controlled structures found in various countries are 
known. The Japanese ones are first in parts (A) and (B) and Table 7.1 and part 
(C) to (H). The listing is just few types known to the author; 

(A) 

v \. Buildings with laminated rubber support 

2. Buildings with sliding supports 

3. Buildings with sway- type hinged columns 

4. Buildings with double columns 

5. Buildings with dampers (viscoelastic, friction) 

6. Buildings with dynamic dampers 

7. Buildings with sloshing-type dampers 
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(B) Building (Data provided by various companies) 

1. Yachiyodai Unitika Menshin 

2. Okumura Group, Namba Research Center, office 
wing 

3. Obayashi Group, Technical Research Center, 61 
Laboratory 

4. Oires Industries, Fujizawa plant, TC Wing 

5. Takenaka Komuten Funabashi Laminated 
Taketomo Dormitory 

6. Kajima Constructions, Technical Research Center 
Nishi Chofu Acoustic Laboratory 

7. Christian Data Bank 

8. Tohoku University, Menshin Building 

9. Fujita Industries, Technical Research Laboratory, 
6th Laboratory 

10. Shibuya Shimizu No. 1 Building 

11. Fukumiya Apartments 

12. Shimizu Construction, Suchiura Branch 

13. Toranomon San-Chome Building 

14. Department of Science and Technology, Inorganic 
Material Laboratory, Vibration -free Wing 

15. A Certain Radar 

16. Taisei Construction Technical Research Center, 

J Wing 

17. Chamber of Commerce and Culture 

18. Chib Port Tower 

19. Toyana Park Observatory 

20. Gold Tower 

21. Yokohama Marine Tower 



Type 

Laminated rubber 
Laminated rubber 

Laminated rubber 

Laminated rubber 
Laminated rubber 

Laminated rubber 

Laminated rubber 
Laminated rubber 
Laminated rubber 

Laminated rubber 
Laminated rubber 
Laminated rubber 
Laminated rubber 
Laminated rubber 

Sliding support 
Sliding support 

Friction damper 
Dynamic damper 
Dynamic damper 
Sloshing damper 
Sloshing damper 



A typical two-storey building in Japan with devices located (Plate 7.1) will be 
tested against the random method of algebra approach. 



(C) Buildings with laminated rubber support (menshin structure) 

Structures using laminated rubber support in their foundations are the 
most popular type of response-controlled structures found within and 
outside Japan. It is common to use laminated rubber along with other 
types of dampers. Laminated rubber is used to extend the fundamental 
period of a building in the horizontal direction so that the seismic 
input is reduced while the dampers absorb the incident seismic energy. 
Sometimes, laminated rubber is also used to reduce the vertical 
microseisms. 
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Regarding building size, buildings in the USA are constructed mostly of 
steel while in Japan one finds RCC structure with four to five stories. There 
is also one example of a 14-storied RCC structure. 

(D) Buildings with sliding support 

Sliding-support structures are generally used for computer room floors. 
Examples using sliding supports for the entire building are very few and 
only recent. This type of structure is not able to return to its original 
position. When using sliding supports the position of a building after an 
earthquake will be different from the one before the earthquake. 

(E) Buildings with double columns 

Columns of low stiffness are provided in the foundation of a building. The 
basic considerations are the same as those for the laminated rubber sup- 
port. There are few examples of this technique, one in New Zealand and one 
in Japan (Tokyo Science University). 

(F) Buildings with dampers (viscoelastic, friction) 

Various types of dampers are installed in a multistoried structure, thus 
absorbing the incident seismic energy. In the USA, buildings using viscoe- 
lastic dampers (VEM) have been in use for some time to reduce the response 
to strong winds. In Japan, steel dampers and friction dampers are used in 
multistoried buildings. 

(G) Buildings with dynamic dampers 

Dynamic dampers convert the vibration energy of an earthquake or wind 
into kinetic energy allowing the dynamic damper to absorb the input energy. 
It is used to reduce the vibrations of machinery. In the USA this technique is 
mainly used to reduce the deformation of a building due to wind, while in 
Japan, it is used to absorb the wind as well as earthquake energy. In Japan, 
this technique is used for tower-type structures of lesser mass. 

(H) Buildings with sloshing-Type dampers 

The incident vibration energy is absorbed as the kinetic energy of water (or 
fluid) using the phenomenon of sloshing of liquids. In Japan, this technique 
is mainly used for tower-type structures to reduce building deformation 
due to wind or earthquake. 



7 . 2.7 Special Symbols with Controlled Devices 

Plate No. 7.1 briefly gives the symbols adopted for some devices. 
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Typical two storey building with symbols 
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Plate 7.1 Typical two-storey building with symbols 



7.2.2 Seismic Waveforms and Spectra 

Table 7.2 briefly gives typical data on a waveform, i.e. Japan-A Similar data can 
exist for other seismic waveforms. In this chapter El-Centro NS and Taft EW 
waveforms have been commonly used for exercises. A similar method can be 
adopted for other wave forms. 
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7 Response of Controlled Buildings 



7.2.3 Maximum Acceleration and Magnification 

Again eight buildings were chosen by the Japanese companies to evaluate and 
compare the maximum acceleration and magnification at various floor levels of 
these buildings from basement level to the roof level. These figures are given in 
Table 7.3. 



7.2.4 Three-Dimensional Simulation of the Seismic Wave Field 

In regions such as Japan, there is a strong interaction between the details of the 
seismic force and the three-dimensional building structure, particularly with 
the presence of subduction zones. Wherever possible modelling of the wave 
field in three dimensions can then provide a useful means of simulating the 
likely effect of major earthquakes. Subduction along the Nankai trough is 
responsible for very large earthquakes, such as a magnitude 8.0 event. In the 
three-dimensional analysis using non-linear time integration approach, a 
hybrid pseudo-spectral/finite element approach is used for the region. Assume 
the region is 820 x 410 km in horizontal dimensions and 125 km in depth. The 
mesh of optimum nature is 512 x 256 x 160 points with a horizontal mesh 
increment of 1.6 km and a vertical increment of 0.8 km can be adopted. The 
minimum S-wave velocity for the superficial layer in the three-dimensional 
mould is 3 km/s. The P-wave front is an outer rampart to the larger ‘S’ 
disturbance. A reference is made to Table 7.1 for layer positioning 

In some cases accurate wave fields have been correctly evaluated. The 
numerical values of accelerations for case studies have been stated. In the 
55-storey building, the seismic wave field mesh scheme interacts with suitable 
finite element gap between the building and the foundation strata. 



7.3 Evaluation of Control Devices and the Response-Control 
Technique 

7.3.1 Initial Statistical Investigation of Response-Controlled 
Buildings 

The response-control technique restricts or controls the response of buildings to 
external vibrations. The responses to be restricted or controlled are accelera- 
tion, velocity and displacement. It is possible to control or restrict the stresses 
developed in structural material by controlling the above responses. 

The extent of restriction or control of response of buildings to external forces 
using response-control techniques can be set at any level, unlike in earlier wind- 
and earthquake-resistant structural methods. As a result, the response-control 
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7 Response of Controlled Buildings 



technique is most effective in solving the technical problems encountered during 
design, which are mentioned below: 

1 . Ensuring safety of structures under emergency conditions 

2. Reduction in the cross-sectional area of structural materials 

3. Preventing vibrations, sliding or rolling of household appliances 

4. Preventing damage or peeling of non- structural materials 

5. Restricting irregular vibrations 

6. Maintaining nonerratic performance of machines and gadgets 



Plate 7.1 gives the classification of structural control devices and, evaluation 
items for isolators and dampers. 

The emphasis is to gather together existing guided examples and case 
studies of constructed facilities. Statistical curves are then needed for various 
parameters in order to facilitate the number of devices needed in the building. 
Tables 7.1, 7.2, 7.3, 7.4, 7.5, and 7.6 give examples of response-controlled 
structures in Japan and other countries. The data given therein would go some 
way to assist statistical charts needed for the quick evaluation of the numbers 
and other related parameters of seismic devices. In the preparation of such 
charts, where information could not be obtained, the author has adopted 
other constructed facilities in which randomly placed devices such as isolators 
and dampers were analysed using linear and non-linear analyses mentioned in 
this text. The data were transferred to match up with existing constructed 
facilities, thus filling the gaps existing in the information. The buildings were 
built in concrete, steel composite and timber. Graphs 7.1 to 7.6 are the out- 
come of such statistical and numerical analyses and are intended to be used for 



Table 7.4 Permutations and Combinations of Devices 



A or B or 




When we get to the next picture we have only two to choose from: 



B C or A C 



A B 



Finally, for the last picture there is no choice - it is the one that remains. So get 
the six permutations 



A B@ 
A || 



1 A \C\ 

B @ A 



B A l 

\c\b a 
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12. Okumura group, Tochigi, Japan +4 1,330 RCC Research 1986 Laminated rubber 

Namba Research Centre 

Center; Office wing 

Data collected from the British Library, London (1991) 



Table 7.5 (continued) 

No. of Built-up Year of Controlling 

No. Name of building Location floors area, m 2 Structure Application construction Remarks devices 

13. Tohoku University, Miyagi, Japan +3 200 RCC Observatory 1986 Laminated 113* 

Shimazu rubber, viscous 
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Table 7.5 (continued) 

23. World Trade Center New York, USA +110 Steel Office 1976 VEM damper 
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Note: Data collected from sources 

Note: Data collected from cases 1 to 12 from locations given in the Table and place them in given order. With compliments from organisations 
mentioned in items No. 1 to 31. The author acknowledges the data with thanks. 



Table 7.6 Case studies of earthquake constructed facilities 

Item Hachiya apartments J Christian data center 0 $ Okumura group 0 0 

Designed by Tokyo Building Research Center Tokyo Building Research Center, Tokyo Building Research Center, 

Unitika Okumura group 
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(0) Actually provided. 

Note: Data collected from the archives British Library for Huchiya apartments (f), Christian data center [0J] and okumura group [00], with 
compliments. 
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evaluating the initial number of devices, displacements, velocities and accel- 
erations for various heights and floor areas of the buildings. This procedure 
has cut down the time and effort of making decisions regarding devices and 
building final displacement, velocity and acceleration. The exact analysis for a 
particular building will be carried out both with and without such devices. The 
extent of control within specified limitations will be known. The limitations on 
the following will be adhered to: 

(a) Response acceleration 

(b) Response relative displacement (using linear, non-linear and damage 
analyses) 

(c) Response material stress 

(d) Physical positioning of devices in a specific layout in three dimensions 

The variables concerning (d) shall require the knowledge of total building 
floor area, standard area per floor, floor height and final building height. Once 
the total number of devices “S” is known from the graph, the next step is to 
initially spread these devices across the building structure when the above 
requirements are met. Various methods are available and their boundary con- 
ditions must be such that the requisite number must easily be accommodated 
after the analytical decisions are made. In this text the selected method is based 
on permutation and/or combination. The permutation is for single-type device 
and combination is for two or more types of devices placed in sequence or in 
others to reduce drift, acceleration and velocity commensurate with the codified 
methods and clauses noted in design practices. This method cuts down the time 
and cost involved in arriving at the optimum choice finally placed before a 
specific computer program to assess and meet the targets given by designers and 
clients. It is therefore necessary to remind the reader about the method. 



7.3.2 Permutations and Combinations 

7.3.2. 1 Permutations 

A permutation for the devices of identical shape, make and performance shall be 
the “rearrangement number” or “order” in specific area of a floor from an ordered 
list “S” required for a building within specific seismic zone. The rearrangement of 
devices in permutation will finally determine the optimum positions, when put to a 
specific analysis-cum-computer program, such that the targets are met. 

For example, the number of permutations for devices {1, 2}, namely {1, 2} 
and {2,1}, shall be 2! = 2 x 1 =2 <— two places two permutations in two 
positions; 3! = 3 x 2 x 1=6^- three places and six permutations in three 
positions for the devices to be placed at the floor level. In order to further 
explain, the 3! would be in the following six set-up and in six orders as 
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Plate 7.2 Random Distribution of Seismic Devices in Buildings 



{1,2, 3}, {1, 3, 2}, {2, 1,3}, {2, 3, 1}, {3, 1,2} and {3,2, 1} 

The positioning of the devices shall be arranged in this order, provided the 
space allocated in a floor or in between the floors lately thoroughly analysed 
by the algorithm is sufficient. The examples and graphs can initially test the 
arrangements. Assuming this order is finally adopted, the results can be 
assessed and the order can reduce the response for specific earthquake- 
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induced input. The same concept is taken further for a greater permutation n! 
If the quantities are large, they can be ordered in subsets. The number of ways 
of obtaining an ordered subset of ‘7T number of H 2 devices for “/w” floors out 
of n floors, columns, trusses and walls can be decided upon, since some floors 
may not need them. 



Pk = the number of ways of obtaining ordered subset of devices 
- n\/{n — k}\ 



(7.1) 



For example, when n= 4 and ( n—k ) = 2, then 



= 12 2 subsets of (1,2, 3, 4), namely 

{1,2}, {1,3}, {1,4}, {2,1}, {2, 3}, {2, 4}, {3,1}, {3, 2}, {3, 4}, {4,1}, {4, 2} and {4,3} 

(7.2) 

The devices are initially located in the subset formation and the analysis is 
carried out accordingly as given in Eq. (7.2). One must consider the limitation 
on the positions for total number of devices forming the order list “S”. A 
computer program “SUBSET” is needed to initially reject the number of 
redundant devices without which the target with few can be easily achieved. 
For example, for 10 devices in the number computed, the target on acceleration, 
displacement and materials stress can be achieved with three devices, the most 
favourable for permutation can be 10 x 9"x 8 = 720 and the remaining are left 
out, i.e. (7 x 6 x 5 x 4 x 3 x 2 x 1); then in a generalized manner 



4!/2! = 



4 x 3 x 2 x 1 
(2x1) 



10 x 9 x 8 



10 ! 

(10-3)! 



(7.3a) 



or 



p = 

r (n — r)\ 



(7.3b) 



where r choices are discarded and (n-r)\ is adopted 

r = devices decided to be placed at important zones, if geometrically or 
structurally acceptable. 



13.2.2 Combinations 

The above analysis has considered the optimum positioning and permutation of 
devices on, say, a floor. The order they were, numerically and geometrically, is 
important. What if the order of devices is not really important? Consider as 
above the positioning of the three devices which had six permutations. If these 
three devices are the same in each permutation for positioning, they were, say, 
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all A, B and C, however they are positioned. “ They were only one combination” . 
Hence for 3!, i.e. six permutations, they have one combination. Three devices 
will be “one set ” . The same will be true for “each group” of three devices as above 
as choosing 720 permutations when choosing 3 devices from “10”. So the 

790 

number 3! of sets of 3 from 10 can be arranged in combinations as =120. 
In general, it can be further written in shorthand as 

, . , . . total number of permutations for positioning devices 

number ol combinations = ; — — ; 

number ol permutations ol each set ol devices 

(7.4) 



In the same way that permutations have shorthand, combinations have 
similar shorthand. All one has to do is to divide the total number of permuta- 
tions by the number of permutations in each set. So, the right-hand side of the 
following equation is the same as the equation for the number of permutations 
except for an additional r! term in the divisor which corrects the number of 
permutations of each set of devices for true positioning. 



C = n\ 
r\(n — r)\ 



(7.5) 



7.4 Permutations and Combinations of Devices 

When one talks of permutations and combinations one often uses the two terms 
interchangeably (Suggestion: “When talking of permutations and combina- 
tions, these terms are oftentimes used interchangeably.”) In mathematics, how- 
ever, the two each have very specific meanings, and this distinction often causes 
problems. (Suggestion: In mathematics, however, each of these terms carries a 
distinctive meaning, which can cause confusion.”) 

In brief, the permutation of a number of devices is the number of different 
ways they can be placed, i.e. which is first, second, third, etc. If one wishes to 
choose some device from a larger number of devices, the way one positions the 
chosen device is also important. With combinations, on the other hand, one 
does not consider the order in which devices were chosen or placed, just which 
devices were chosen. They could be devices chosen from Plate 7.1. 



One can summarise them as 

Permutations - position important (although choice may also be important) 
Combinations - chosen devices important, which may help one to remember 
which is which and the difference between them for the 
purpose of recognition in devices 



As mentioned above, there is an important difference between permutations 
and combinations. In this case, for permutations the order of events is 
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important: Order 1 is different from Order 2. For combinations, however, it 
does not matter which device was chosen first. A reference is made to Plate 7.2 
and also referring to Plate 7.1, in this example, there are two permutations of 
devices A, B ^ B, A but only one combination, i.e. (A, B = B, A). 

Assuming the engineer has three devices now [A], [B] and [C]. How many 
different permutations are there to place them at “suitable places”? When one 
considers the first device, one can easily choose from all three to be placed in 
position or location of importance by the engineer. When the engineer gets to 
the next device, there is no choice and it is the one that remains to be placed in a 
zone of great importance from the response analysis carried out on a building 
completely free of devices. So one can get six permutations as given below. The 
arrangement is as in Table 7.4 for the devices given in Plate 7.3. 




B 





Plate 7.3 Devices in permutations 
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A representation of a permutation as a product of permutation device 
cycles is unique (up to the ordering of the cycles). An example of a cyclic 
decomposition is the permutation (4, 2, 1, 3) of (1, 2, 3, 4). This is denoted 
(2) (143) corresponding to the disjoint permutation cycles (2) and (143). There is 
a great deal of freedom in picking the representation of a cyclic decomposition 
of devices since (a) the cycles are disjoint and can therefore be specified in any 
order and (b) any rotation of a given cycle specifies the same cycle. Therefore, 
(431) (2), (314) (2), (143) (2), (2) (431), (2) (143) and (2) (143) all describe 
the same permutation for the devices. This concept reduces the “jump” in 
combinations. 

Another notation that explicitly identifies the positions occupied by devices 
before and after application of a permutation on n device uses a 2 x n matrix, 
where the first row is (123 . . n ) and the second row is the new arrangement. For 
example, the permutation which switches elements 1 and 2 and fixes 3 would be 
written for devices as 



123 

213 



(7.6) 



Any permutation is also a product of transpositions. Permutations are 
commonly denoted in lexicographic or transposition order. There is a corre- 
spondence between a permutation and a pair of Young tableaux known as the 
Schensted correspondence. 

The number of wrong permutations of n devices is [n!/e] where [x] is the nint 
function. A permutation of n ordered devices in which no device is in its natural 
place is called a derangement (or sometimes a complete permutation) and the 
number of such permutations is given by the subfactorial In. 

Using 

(*+j-r=E(W (7-7) 

r=0 r 



with x = y = 1 gives 



2 X = 




r = 0 r 



(7.8) 



So the number of ways of choosing 0, 1,. . ., or n at a time is 2 n where n is the 
number of devices. 

The set of all permutations of a set of devices 1, . . ., n can be obtained using 
the following recursive procedure as given below: 
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3 

i 

3 



This method of dispersing the devices becomes very useful. Several positions 
will give many solutions when put to the relevant computer program. 
The controlled building will be analysed for positions of devices in an earth- 
quake zone. The one that gives optimum P — A and decreased responses will be 
the optimum solution for the safety of the building. This means the target has 
been achieved and a certificate is issued for safety when all the results are 
satisfactory. Thus the positioning of devices can be acceptable. Tables 7.5, 
7.6, 7.7, 7.8, 7.9, and 7.10 show the building areas with the number of floors 
for buildings at different towns made with different materials that have been 
checked for seismic devices. No information was available to check for a 
number of devices needed as part of control. Based on permutation/combina- 
tion and available spaces or locations, the numbers noted are computed once. 
Some of them have been checked using three-dimensional dynamic non-linear 
analysis and the number of devices cited give controlled performances. 

Case Study on Nachiyodai Unitika Apartments 
Two-storey building designed by Unitika Inc. 

Yachiyo city, Japan 

Building data: reinforced concrete building (Ref: Plate 7.3) 

Total floor area = 2{5.63 (6.080 + 4.280)} = 116.6536 m 2 « 116.654 m 2 
Total height = 6.50 m = n( m); type of earthquake El-Centro NS 
Seismic waveform = 300gal-500gal 

Total floor area = 116.654 m 2 and h = 6.50 m, the number of LR (isolators) 
required =12 (maximum). Initially they are located as 
Upper structure and the raft foundation = 6 
first floor = 6 

Dampers needed (friction type) = 3 



1 2 



1 

1 

1 3 



2 

/ 

2 



(7.9) 



1 

\ 

1 3 



(7.10) 



Presented by www.pdfbooksfree.pk 



Table 7.7 Case studies of earthquake constructed facilities 



476 



7 Response of Controlled Buildings 



too 

P 



*3 

© 






o 

Z 



<u 

p*i 

d 

H * 
IS & 
S3 2 

^ '3 
p p 
P bj 
P o 
Ph Q 



>, 

a 

o 

oS 

PP 

o 3 

a 

<D 

PP 

aS 

H 



_p 

U 



ON 
CO On 



o O o 
Q ^ U 



rp 1) 
CD X) 

s-§ 

C*H 



x 

o 

^.a ~ S. o 

^ ^ a S 

oo ^ ^ 

^ oo ^ ™ 

ii & ii 

a £ a 

w P w 



o 

P 

^ 'O oo 

T T 



w © o 
o ^ 

-H <N -H 



Pi 

T 3 

a 



toO 

.p 

3 

. ’p 

O cQ 
P W 

.2 3 

B S3 

>, |>H 

&o ^ 

«r g 

■s § 



N ^ 

• IP ^ CD 

•?u ^ 
Ph h o 



<N 

aS 

P 



<d rp 

o C 

S V 

O 4P 

'P P 

Ch P 

a ^ 

f p— > 

P £ 



O 

PD 

cc 5 



cn 0 > 

5 -h t— h 
<D 

P CP 

•S> & 

s < ^ 

Q (^ + 



©> «u 



p 

*3 

N- 

ON 

X 

PP 



o vo 



U 






£ Q 
3 o 

C*H 



X) 

X) 

Pi 



.P 

T3 



too 

P 

Qh 

cto 



ON 

© 



T 3 

O 

PP 



O 



& S 

§ S 



a 

=5 

O 



O p^h O 

w y vs 



£ M 

P'PP 
5 o 
£ 

O H 



© 

O 



dp 

o 

H 



ON B 

O) o 

^ ^ a U It! 

I fO H Ph P 



u 



N" 

N" 

5-1 

<D 



d) 



PD 

X) .. 
P — 1 



w 0 
N" O 
Pt ON 



■Si 

P £ 
CP ^ 
A V 3 
O S-H 

tr P 

j3 ^ 

73 

a) <U 



PD 

T3 



O 

Z 

> 

O 

5 — i 

CP 

CP 

a 



PP P 
P o 



<u O ‘o 



& 2 
CP 



>h £ pq < & pn 



too 

a 



o 

CP 

CP 

p 

C /5 



p 

o 

CP 



pp 

in 



Presented by www.pdfbooksfree.pk 



design 

Fundamental period Small X = 1.33 cm X = 0.895 cm X = 2.09 cm 

deformation Y = 1.24 cm F = 0.908 cm (at 50 % deflection) 
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Table 7.9 Case studies of earthquake constructed facilities 

Item 



Shibuya Shimizu 
Building No. 1 J * 

Design requirements Protect the main building and 

OA equipment installed 
therein 



Year of approval; No 
No. of floors 
Built-up area, m 2 
Application 
Structure 
Foundation 

Isolator: Dimensions, mm 



Numbers 

Supporting 

force 

Response-control device 



Shear force coefficient used in 
design 

Fundamental Small 

period deformation 

Large 

deformation 
Incident: seismic wave 



Input level 



13 March 1987; Tok 52 

+ 5, -2 

560.30 

Office 

RCC 

Concrete in situ raft (earth- 
drilling method) 

5.0 thick x 620 dia (50 layers); 

6.0 thick x 740 dia (45 
layers) 

20 

100-150 t 620 
200-250 t: 740 dia 
Elasto-plastic damper using 
(49*) mild steel bars (48 
Nos.) (57*) 

0.15: Basement, 1st floor; 
0.183: 3rd floor; 0.205: 5th 
floor 

X = 1.30 cm 

Y = 1.24 cm 
X = 2.99 cm 

Y = 2.97 cm 
El-Centro 1940 (NS) 

Taft 1952 (EW) 
Hachinohe 1968 (NS) 
Hachinohe 1968 (EW) 
Sdkanrig^\ 

Sdkantig I man-made 
I seismic wave 
Sdansrig J 
25 cm/s, 50 cm/s 



Fujita Industries 
6th Laboratory J * 

Protect the main building 
and the equipment stored 
therein such as laboratory 
equipment and computers 
14 May 1987; Kana 23 
+ 3 

102.21 

Research laboratory 
RCC 

PHC pile (type A, B) cement 
grout method 

4.0 thick x 450 dia (44 layers) 



4 



0.15: 1st floor, 0.17: 2nd 
floor; 0.20: 3rd floor 

1.35 cm “I Dynamic finite 
I Element 
I Analysis 

El-Centro 1940 (NS) 

Taft 1952 (EW) 
Hachinohe 1968 (NS) 
Hachinohe 1968 (EW) 
Artm 79L00 (seismic wave) 



25 cm/s, 50 cm/s 



NOTE: (*) computed and tested on the basis of dynamic non-linear three-dimensional 
analysis using finite element. 

( ) Actually provided. 

t * Data from the designers with compliments. 



From the graph, these are the items needed to begin with subject to complete 
analysis as outlined in this text in general and Chap. 5 in particular. 
Application of the permutation/combination method 

S = 12, LR/floor = 6«;«! = 6! = 6x5x4x3x2x 1 
(n-k)\ = 3! = 3x2x 1 
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Table 7.10 Case studies of earthquake constructed facilities 
Item (11) (12) 



Inorganic Materials Research 
Center, Vibration-free Wing 



1 

Designed by 
Design requirements 



Year of approval 
No. of floors 
Built-up area, m 2 
Application 
Structure 
Foundation 

Isolator: Dimensions, mm 
Number 

Supporting force 
Response-control device 



Shear force coefficient used in 
design 

Fundamental Small 
period deformation 

Large 

deformation 
Incident seismic wave 



Input level 



2 

Secretariat of the Ministry of 
Construction, Planning 
Bureau 

Protect the main building and 
research equipment stored 
therein 
June 1987 
+ 1 

8,341 (old -7,725; new -616) 

Research centre 

RCC 

PHC raft (type A) blast method 
3.2 thick x 420 dia (62 layers) 
32 

65 t (max 80 t) 

Elasto-plastic damper using 
mild steel bars (108 nos.) 
( 112 *) 

0.15 

X = 1.17 cm" 

Y = 1.17 cm 
X = 2.26 cm 

Y = 2.26 cm. 

El-Centro 1940 (NS) 

Taft 1952 (EW) 

Hachinohe 1968 (NS) 
Hachinohe 1968 (EW) 

Tsukuba 85 NS^ 

Tsukuba 85 EW I Observed 
Tsukuba 86 NS [seismic waves 
Tsukuba 86 EwJ 

25 cm/s, 50 cm/s 



Shimizu Constructions, 
Chuchiura Branch, new 
building 
3 

Shimizu Constructions 



June 1987 
+ 4 

170.366 

Office, company housing 
RCC 

PHC raft (type B, C) method 
using earth auger 
6.0 thick x 450 dia; 6.0 x 500; 

6.0 x 550 (31 layers) 

14 

51-165 t 

Lead plug inserted in 
laminated rubber (112*) 

All floors 0.15 

Dynamic Finite 
X = 0.77 cm' Element 

Y = 0.77 cm Analysis 
X = 2.33 cm 

Y = 2.33 cm 
El-Centro 1940 (NS) 

Taft 1952 (EW) 

Hachinohe 1968 (NS) 

Ibaragi 606 1964 (NS) 



35 cm/s, 50 cm/s 



NOTE:(*) computed and tested on the basis of dynamic non-linear three-dimensional analysis using 
finite element. 

( ) Actually provided. 

Data under 1,2,3 are obtained by the author with compliments. 



c: = 



120 



3x2x1 



Pk = (Ay. 

= 120 

20 positioning for combination 



The requisite floors: 

S + Dampers = 12 + 7 = 19 m 20 

T 

Two floors are okay adopted computed 
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These are now to be tested for a given layout using the program ISOPAR and 
then finally checked against the design given by Unita Inc., Japan. 

Data for Raft foundation For soil-structure interaction 
Ground property 

Foundation depth Raft foundation. Formation GL-1.15 m 
Soil property and N value 



GL-m 


0-2.8 


2. 8-3. 9 


3.9-10.8 


10.8-12.7 


12.7 


Soil 


Red loam 


Red above 


fine 


very fine 


Fine sand loam 






loam 


sand 


sand 


below 


N value 


<4 


1.4 


4-17 


25-27 


>50 



Permissible pile resistance 6.0 t/m 2 = 60 KN/m 2 



Outline of the structure 

Foundation 

Ground type: Raft foundation, supported directly on loam-type soil. 

Formation depth: 

F oundation GL- 1.15m 

structure: 

Maximum contact: Long term: 4.81 t/m 2 = 48.1 KN/m 2 

Pressure: Short term: - 

Case Study 7.1 A Two-Storey Building 
Description of the structure 

A reference is made to Plate 7.4. It is an RCC framed structure with the 
following details of the elements: 
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Viscous Dampers 
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LS = isolators (HDR) No 

with soft landing 
Devices -> No = 16 
Sensors No = 3 
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7 Response of Controlled Buildings 



(continued) 



1. With load bearing and other RC walls of 1.5 m on raft foundation 

2. Column 450 x 450 common to each floor 

3. Beam 300 x 550 for raft 

500 x 550 mm for two floors 
600 x 550 mm for floors 

4. Floor RCC cast in situ concrete 120 cm 

5. Roof RCC cast in situ concrete 120 cm 

6. Non-bearing walls >150 cm as above 
Each isolator consists of rubber - natural rubber 5 thick x 300 
dia (12 layers); steel plate - SUS 304; insertion plate - PL2 x 
300 dia (11 layers); flange plate 22 x 500 x 500 SS41 (JIS G 
3101 type 2); base plate 9 x 500 x 500; fixing bolt H.T.B F10T 
(JIS B 1186) M20 

Friction damper - uses the frictional forces acting between the 
PC plate for dry and the side walls 



Isolators (6 
nos) 

Damping 

device 



Method of analysis 

Dynamic non-linear analysis with and without above devices has been carried 
out. The data for the soils are incorporated in the soil-structure interaction 
analysis to cater for the ground effects. Hallquist gap element for the raft has 
been adopted in the soil-structural analysis. The author has no data from Unitika 
Inc. to indicate whether or not soil-structure interaction was included in their 
analysis. Program ISOPAR has assumed the characteristic loads for the build- 
ing (1.4Gk + 1.6Gk) did exist in the overall analysis. Time integration 
approach has been adopted for the solution of equations, the details of 
which are given in the text. For the hysteresis loop, the isolators are assumed 
to be of high damping natural rubber. 

Results 

Table 7.10 for this two-storey building gives a comparative study between this 
work and that of Unitika Incorporation. The results seem to be quite close to 
one another. Moreover the computed response peak was 0.083 g and the 
spectral peak was 0.5 g. When the damping is raised to 2% from 0.10, for 66 
KN the maximum occurred at one place and the corresponding deflection of 
the isolator was 635 mm. The shear stress-strain for the device is shown in 
Table 10.1. The results do indicate that the maximum drift is reduced and the 
two-storey building is doing extremely well and is safe. 
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A Comparative Study of Results 
Hysteresis Loop 



Table 7.11 Analysis Type Case Study 7.1 Finite element three-dimensional seismic waveform 
TYPE: El-Centro 300-450gal degrees of freedom 





UNITIKA, Japan 






Program ISOPAR 






TYPE 


*x 


*Y 


*Z *X 


*Y 


*Z 


1 


Fundamental 
period T (sec) 


1.83 


1.83 


1.778 


1.778 


0.01 




(a) Mode 1 

(b) Mode 2 


0.05 


0.07 


0.045 


0.0458 


0.009 


2 


Damping 

Constant 


0.10 


0.10 


0.10 


0.10 


0.10 




(€ or (3) 












3 


Isolator 
HRD type 


■j 


■j 


- f 


f 


f 


4 


Shear coefficient 


0.244 (F2) 


0.244 (F2) 


0.25 1(F2) 


0.251 (F2) 


0.031 (F2) 




C t (building) 


0.200 (FI) 


0.200 (FI) 


0.210 (F2) 


0.210 (FI) 


0.01 (FI) 


5 


Seismic load (%) 
(a) Rigid frame 


35 (F2); 


39 (F2); 


33 (F2); 


36 (F2); 


_ 






27 (FI) 


53 (FI) 


25 (FI) 


51 (FI) 






UNIKA, Japan 






Program ISOPAR 






(b) Shear wall 


65 (F2); 


61 (F2); 


67 (F2); 


64 (F2) 


- 






73 (FI) 


47 (FI) 


75 (F2) 


49 (FI) 


- 


6 


Device 


14 cm 


- 










Umax 


0.17 (NS) 


- 












21 cm 


- 












0.25 (NS) 


- 








7 


Upper structure 
Umax 














(a) Foundation 
300 gal input (cm/s 2 ) 


168 




176 


158 


158 




a 


0.17 (NS) 




0.18 (NS) 


0.18 (NS) 


0.18 (NS) 




(b) FiBtfloot 
450 gal input (cm/s 2 ) 


252 




261 


236 


136 




a 


0.25 (NS) 




0.245 (NS) 


0.245 (NS) 


0.245 (NS) 


Hysteresis loop 




X* - Along the length 

Y* - Along width 

Z* - Vertical axis 

^4 total = 116.654 m 2 

H = Effective building height = 6.5 m 

Rubber bulk modulus = 2500 MN/m 2 

Rubber shear modulus = 0.55 MN/m 2 
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Case Study 7.2 

Obayashi-Gumi Technical Research Center Laboratory 61 Designed By 
Obayashi-Gumi Ltd, Tokyo, Japan 



Building Data: Reinforced concrete rigid frame building with RCC seismic 

wall 

1623.89 m 2 , total height = 22.80 m = h (m) 

328.75m 2 , Type of earthquake waveform: El-Centro with 
acceleration amplitude 300-450 cm/s 2 
above ground = 5 
Penthouse = 1 

Dampers - 24 nos, they are positioned, as a set of 4 Total No = 96. 

Isolators - 14 no, with ABCD permutation + combination 
Total No computed = 98 



Total floor area: 
Area/floor: 

Total floors: 



Soil Property And Foundation Data 

Note: These data are used for soil-structure interaction analysis 



Soil property and 
N value 


Ground property 
Foundation depth 
PHC pile 


Formation GL-1.775 m 
Pile depth, formation 
GL-7.0 m 


GL-m 


0-0.7 m 


0.7-6. 2 m 


> 6.2 m 


Soil type 


Red loam 


Loam 


Gravel 


N value 


- 


2.3 


>50 


Permissible pile resistance PHC pile (Type A, B) cement grouting method 

(method approved by Ministry of Construction 
under Section 38 of its regulations) 45 dia 66t/pile 
(long term); 132 t/pile (short term) 



Outline of the structure 

Foundation 

Ground type, foundation PHC pile supported directly in fine sand layer 

structure at GL-6.2 m 



Maximum contact pressure 
(Pile resistance) 



Long term Short term 

PHC pile (type A, B) 

450 dia 

Side column 90 1 138 1 

Corner column 200 t 257 t 
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(continued) 



Main Structure 

Structural features 

Frame classification Bearing walls, 
other wall 

Material for columns 
Beams, sections 



Columns, beams, joints 

Floor 

Roof 

Non-bearing wall 



The device is placed between RCC upper structure 
and the foundation 

X direction: RCC rigid frame; Y direction: RCC 
aseismic wall RCC structure 

RCC structure; column -B x D = 600 x 550,650 x 550; 
Beam-B x D = 300, 450 x 700; 300, 450, 500 x 800; 
Concrete - Fc = 270, Steel bars: deformed bars - 
SD30, SD35 (JIS G 3112) 

RCC structure 

PRC rib slab, PRC flat slab (cast in situ concrete 
structure) 

PRC rib slab (cast in situ RCC structure) 

Outlet wall - ALC plate; inner wall - Glass fibre- 

reinforced 

Foam gypsum plate 



Fire-proof coating 
Device 

Laminated rubber 



Steel rod damper 



Structural design 

Each consists of Rubber - natural rubber 4.4 thick x 
740 dia (61 layers); steel plate: insertion plate - SS41 
(JIS G 3101) PL -24 -30 x 985 (top and bottom); 
fixing bolt - H.T.B. F10T (JIS B 1 186) M24 
Each set consists of Steel rod - SCM 435 (JIS G 4105) 
three beams (span 20 cm, 45 cm, 20 cm); bearing - 
SUJ2 (JIS H 5105); steel plate - SS41 (JIS G 3101 type 
2); base plate 4 PL - 19 x 230 x 360; Fixing bolt - PC 
steel rod type A (JIS G 3109) 4 numbers, 13 dia. 



Steel and concrete building : Two storey 
Results SAP2000 

Time history non-linear analysis: Three-dimensional 
D = max. Diff. = 1.52/100 
Ci = 0.22 cm 

U = Velocity m/s = 50 cm/s 
U = Acceleration; x = 3 200Gal 
y =200 Gal 
z = 50 Gal 



t = 130 cm 



Case Study 7.3 Four-storey building 



No. of degrees = 6 



Seismic waveform: El-Centro NS and Taft EW 
Major analysis is non-linear time integration. 

Data: Case Studies C, covering five different cases: 



1 



2 . 



RC building Cl : h = height = 14 m; A = total area =1100 m 2 ; 

Devices: 12-Isolators, 13. free-sliding pot bearing 

Steel building C2: h = height = 19 m; A = total area = 4500 m 2 

Devices: 32 YE dampers 
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3. 

4. 

5. 

Cl 

C2 

C3 

C4 

C5 



(continued) 



RC building 
Devices: 

RC building 
Devices: 

RC building 
Devices: 
Input level = 
Input level - 
Input level = 
Input level - 
Input level = 



C3: 



C4: 



C5: 



h = height = 1 5 m; A = total area = 8000 m 
80 hysteric steel damper 

h = height = 13.92 m; A = total area = 636.764 m 2 
14 LRB with lead plug 

h = height = 11.57 m; A = total area = 681.8 m 2 
12 R500/steel plates, bolts, 7 sets of steel rod dampers 
0.25 g; max drift = 1/7500; £/ max max. top displacement = 14.10 cm 
1.40 g; max drift = 1.5/00; £/ max . top displacement = 15.20 cm 
200 g; max drift = 1/500; £/ max . top displacement = 18.10 cm 
35 cm/s; max drift = 1/500; t/ max . top displacement = 15.80 cm 
50 cm/s; max drift = T/500; £/ max . top displacement = 14.90 cm 



Case Study 7.4 Five-storey building 

Seismic waveform: El-Centro NS and Taft EW 
Data: Case studies C 

Nursing Home Building (RCC): Cl h = height = 19.40 m; total area = 5504.6 m 2 ; 

Devices: 18 isolators, rubber bearings 

Shibuya Shimizu Building (RCC): C2h = height = 16.45 m; total area = 3385.0 m 2 ; 

Devices: 20 isolators, 108 feel dampers 
Obayashi R&D Center: C3 h = height = 22.8 m; total area = 1624.0 m 2 ; 

Devices: 14 isolators, 96 feel dampers 

Centro P. Del rione Traianoc C4 h = height = 14.5 m; total area = 90,000 m 2 ; 

Devices: 624 isolators, multi-layered elastomeric 
IMFR Gervasutta Hospital C5 h = height = 21 .0 m; total area = 2000 m 2 ; 

Devices: 52 HDE isolators 
Nursing Home Building (Tamari and Tokita, 2005) 
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Plate 7.7 Sesmic waveform: El-centro NS and Taft Ew 
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Plate No 7.8 Plan and Elevations of SMB Building 
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Case Study 7.5 Obayashi-Gumi Technical Research Center Laboratory 
Designed by Obayashi-Gumi Ltd, Tokyo, Japan 

Building Data: - Reinforced concrete rigid frame building with RCC aseismic 
wall 

- Total floor area: 1623.89 m 2 ; total height = 22.80 m = h (m) 

- Area/floor = 328.75 m 2 

- Type of earthquake waveform: El-Centro with accelerations amplitude 
300-400 cm/s 2 

- Total floors: 5 above ground, 1 penthouse 

- Dampers: 24 nos in sets of 4 are positioned. Total no. = 96 

- Isolators: 14 nos are positioned 

with A, B, C, D permutation and combination 
The total number computed = 98 

Soil Property and Foundation Data 

Note: These data are used for soil-structure interaction analysis 







Ground property 
Foundation depth 
PHC file 


Formation 
GL- 1.775 m Pile 
depth Formation 
GL-7.0 m 


Soil property and N value 








GL-m 


0-0.7 m 


0.7-6. 2 m 


>6.2 m 




Soil type 


Red Loam 


Loam 


Gravel 




N value: 


- 


2-3 


>50 




Permissible pile resistance 


PHC pile (Type A, B) cement grouting method (method 
approved by Ministry of Construction under Section 38 of 
its regulations) 

45 dia 66 t/pile (long time); 132 t/pile (short term) 



Case Study 7.6 A Comparative Study of Results 
Analysis type: Seismic Waveform type Degree of Freedom 
Finite element Three-Dimensional El-Centro 300-345 gal 6/floor 



S.No. 


Obayashi-Gumi Ltd, Tokyo, Japan 




Program ISOPAR and Graph G-type 




DIRECTION 






Direction 






Type 


X* 


Y* 


Z* X* 


Y* Z* 


1 


Fundamental period (s) 
(a) mode 1 


3.12 


3.08 


- 2.92 


3.01 1.05 




(b) mode 2 


0.42 


0.25 


- 0.39 


0.22 0.01 


2 


Damping constant 

C&P) 


0.02 


0.01 


- 0.015 25 cm/s 


0.02 50 m/s 0.001 


3 


Shear coefficient 


0.122 (FI) 


0.120 (FI) 


- 0.119 (FI) 


0.119 (FI) 0.100 




Ci building 


Input 
25 cm/s 
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(continued) 



S.No. 


Obayashi-Gumi Ltd, Tokyo, Japan 




Program ISOPAR and Graph G-type 




DIRECTION 






Direction 








Type 


X* 


Y* 


Z* X* 


Y* 


Z* 






0.172 (FI) 


0.172 (FI) 


0.172 (FI) 


0.169 (FI) 


0.100 






Input 
50 cm/s 










4 


Seismic 
load % 

(a) Rigid frame 


100% 


100% 


Fure-Storey rigid 














frame analysis 
in three- 
dimensional 
bending, shear, 
axial effects 
using SAP 2000 
dynamic, non- 
linear 








(b) Shear 


100% 


100% 










wall 












5 


- 






100% 


100% 


100% 


6 


Device U max 
(a) Input 25 m/s 


11.7 cm 


1 1 . 1 cm 


10.67 


10.91 cm 


0.51 cm 




(b) Input 50 m/s 


23.3 cm 


23.4 cm 


21.25 


23.4 cm 


0.98 cm 


7 


Upper structure U™ 


axAt 












foundation 

level 














(a) Input 25 cm/s 


220 cm/s 2 


184 cm/s 2 


198 cm/s 2 


179 cm/s 2 


17.2 cm/s 2 




(b) Input 50 cm/s 


267 cm/s 2 


267 cm/s 2 


238 cm/s 2 


270 cm/s 2 


27.0 cm/s 2 


8 


Max. shear 
coefficient Q 
(a) Input 25 cm/s 


0.135 


0.134 


0.132 (FI) 


0.132 (FI) 


0.110 




(b) Input 50 cm/s 


0.182 


0.189 


0.175 (FI) 


0.180 (FI) 


0.110 



Hysteresis loop as shown in Plate 7.9. 

Case Study 7.7 Shibuya Shimizu Building - 1 

Designed by Obayashi - Gumi Ltd, Tokyo, Japan 

Building Data’s 

- Six Storey with Penthouse 

- Reinforced concrete rigid frame building with RCC antiseismic wall 

- Total floor area = 3385.09 m 2 , total height = 21.05 m = h cm 

- Area/floor = 567.8 m 2 , types of earthquake: El-Centro, Taft 

- Total floors : Above ground 5 

Below ground 1 
Penthouse 1 

- Isolators No. 20-A 

- Damper No. 108-B 

- Steel rod 

- With AB permutation combination P/C. Total no 130 - calculated and 130 
« 108 adopted in practice. 
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Plate 7.9 Five-Storey Building with Basement 
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Plate No 7.10 Six-Storey Building with Penthouse 
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Soil Property and Foundation Data 

For Soil-Structural Interaction 

Note: These data are used for soil-structural interaction analysis 



GL-m 


0 - 1.0 


1. 0-6.7 6.7-10.4 


10.4-13.2 13.2-15.4 15.4-18.7 


18.7-20.0 


20.0-25.4 25.4-30.2 


Soil 


Red 

loam 


Loam Clay 

loam 


Tuff Sandy Silt 

Clay silt 


Very fine 
sand 


Gravel Clay 


N value 


- 


4-23 3-6 


8 4-5 5-8 


23 


50 >50 



Permissible pile 
Resistance 

Foundation 

Ground type and 
foundation structure 
Maximum contact pressure 
(pile resistance) 



Main structure 

Structural features 

Frame classification 

Bearing wall, other walls 
materials for columns 
Beams, sections 



Columns, beams, joints 

Floor 

Roof 

Non-bearing walls 
Fire-proof coating 

Laminated rubber (20 nos) 



Cast in situ concrete pile (earth drill method): Long term 
160 t/pile 1,200 dia 280 t/pile 

Outline of the Structure 



Pile foundation: Cast in-situ pile supported directly on 
gravel layer at GL-20.0 m 
Cast in situ concrete pile. 

900 dia at 1,200 dia at 1,200 dia at 

side column middle column corner column 

Long term 

156 t/pile 235 t/pile 264 t/pile 

Short term 



199 t/pile 261 t/pile 



382 t/pile 



It is a menhin structure where the menhin device is placed 
between the RCC upper structure and the foundation 
Along the length: RCC rigid frame 
Along the width: RCC antiseismic wall 
Column - B x D = 400 x 450, 450 x 450, 500 x 500, 450 x 
350 

Beams - B x D = 220 x 750, 220 - 250 x 1050, 220 - 250 x 
1,150, 250 x 400; Steel bars - deformed bars SD35 (JIS G 
3,112); concrete - FC = 210 kg/cm 2 (for foundation and 
foundation beam) 

RCC rigid structure 

Cast in situ RCC structure 

Cast in situ flat slab structure 

Outer wall - ALC plate; Inner wall - ALC plate 



Structural Design 

100-150 ton (8 nos). Each consists of rubber - natural rubber 
5 thick x 620 dia (50 layers); steel plate; insertion plate - 
SS41 (JIS G 3101); flange plate - SS41 (JIS G 3101); 20-28 
x 830 dia (top and bottom); fixing bolt - high-tension bolt 
FBT (JIS B 1186) M24 

200-250 ton (12 nos). Each consists of Rubber - natural 
rubber 6 thick x 740 dia (45 layers); steel plate: insertion 
plate SS41 (JIS G 3101) 3.1 x 740 dia (44 Nos); flange plate 
- SS41 (JIS G 3101) 24-30 x 985 dia (top and bottom); 
fixing bolt - High-tension bolt FBT (JIS B 1186) M24. 

Rubber properties: 

Rubber hardness: 40 d= 5 

25% shear modulus (kg/cm 2 ): 3.4 ±1.0 
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(continued) 

Elongation (%): >500 
Tensile strength (kg/cm 2 ): > 200 
Shear elasticity modulus (kg/cm 2 ): 5.6 
Steel rod dampers (108 nos) Young’s modulus (kg/cm 2 ): 11.5 

Each consists of steel rod - SCM435 (JIS G 4105) three 
continuous beams (span 20 cm, 45 cm, 20 cm); bearing - SUJ2 
(JIS G 4805); steel plate - SS41 (JIS G 3 101); base plate - four 
plates: 16 x 180 x 260; fixing bolt: high-tension Bolt FBT (JIS 
B 1186) 4- M16. 



Case Study 7.8 A Comparative Study of Results 
Analysis Study Seismic waveform type Degree of freedom 
Dynamic non-linear F.E El-Centro Traft 7 



S.No 


Obayashi-Gumi Ltd; Tokyo, Japan 
DIRECTION 

TYPE *X 


*Y 


*Z 


PROGRAM ISORAR and graph 

G-Type 

DIRECTION 

*X *Y *Z 


1. 


Fundamental Period T (sec) 


2.09 


2.97 


- 


- 






(a) mode 1 


2.99 




- 


2.89 


2.87 


0.33 




(b) mode 2 


0.33 


0.17 


- 


0.31 


017 


0.078 




2. 


Damping 


0.02 (50 cm/ 

e) 




- 


0.02 


0.02 


- 




C&P) 


0.01 (25 cm/ , 

c) 




- 


0.01 


0.01 


- 


3. 


Shear coefficient (Ci) 


S J 

0.15 (FI) 


0.15 (FI) 


- 


0.145 (FI) 


0.137 (FI) 


0.130 (FI) 






0.183 (F2) 


0.183 (F2) 


- 


0.179 (F2) 


0.173 (F2) 


0.123 (F2) 






0.205 (F3) 


0.205 (F3) 


- 


0.205 (F3) 


0.200 (F3) 


0.200 (F3) 


4. 


Seismic load % 


-(F2) 


1 1 (FI) 


- 










(a) Rigid frame 


100 (FI), 


l 


- 


} The 


same as 


item 4 




(b) Bearing wall 


100 (F3) 


99 (P) 99 


- 


} 










100 (F5), 


1 (3F) 99 


- 








5. 




100 ((3) 


2 (5F) 99 


- 








6. 


Device 
















U max 
















(a) Input 25 cm/sec 


8.31 cm 


28.89 cm 


- 


7.89 cm 


8.00 cm 


0.075 cm 




(b) Input 50 cm/sec 


24.4 cm 


23.9 cm 


- 


23.5 cm 


23.1 cm 


0.08 cm 




(a) Ci 25 cm/sec 


0.101 


0.106 


- 


0.101 


0.102 


0.02 




(b) Ci 50 cm/sec 


0.191 


0.192 


- 


0.189 


0.183 


0.035 


7. 


Upper structure U 
















A foundation level 
















(a) Iinput 25 cm/s 


147.3 cm/s 2 


106.8 cm/ 


- 


141.3 cm/ 


103.3 cm/ 


10.70 cm/ 








s 2 




s 2 


s 2 


s 2 




(b) Input 50 cm/s 


198.5 cm/s 2 


187.2 cm/ 


- 


188 cm/s 2 


177 cm/s 2 


10.99 cm/ 

q 2 


8. 


Max shear C z 




s 








s 




a. Input 25 cm/s 


0.108 


0.106 


- 


0.107 


0.105 


0.04 




b. Input 50 cm/s 


0.193 


0.192 




0.190 


0.191 


0.07 
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Case Study 7.9 Six-Storey Buildings 
Analysis: Non-Linear Timer Integration 
Seismic waveform El-Centro NS and Taft EW; Kobe Data 
Case Study C 

Post and Telecommunication Center Japan Cl: h = height = 37.95 m; A = Total 
area 7305 m 2 

Devices: LRB = 131; 90 steel dampers 

Solano County, California C2: h = height = 28.0 m; A = total area = 4,700 m 2 ; 
Devices: FVD = 20 

Inagi Hospital, Inagi, Japan C3:/z = height = 35.81m; A = total area = 18,518 m 2 ; 
Devices: LRB isolators = 84; 42 steel dampers 

University of Basilicata, Italy C4: h = height = 25m; A = total area = 12,500 m 2 ; 
Devices: LRB isolators = 80 

Guangzhou University Building, China C5: h = height = 22.5 m; A = total area 
= 23,452.6 m 2 ; 

Devices: LRB isolators = 209 

Results from SAP2000 

Post and Telecommunication Building, Kobe, Japan 
Insert drawing of plan of base isolation floor. 

C1C1 = Input level 25 cm/s; maximum drift = 1/5,000 and 25 cm 
U, top displacement = 13.5; U = 90 cm/s 
U = 300 cm/s 2 

C2C2 = Input level 25 cm/s; maximum drift = 13.98 cm; U = 36 cm; U 
24.5 cm/s 

U 375 cm/s 2 

C3C3 = Input level 50 cm/s; max drift = 1/1,780; U = 35 cm; U = 25 cm/s; 
U = 200 cm/s 2 

C4C4 = Input level 25 cm/s; max drift = 1/500; U = 20 cm; U = 250 cm/s; 

U =168 cm/s 2 

C5C5 = Input level 25 cm/s; max drift = 1/1,906; U = 21 cm; U = 30 cm/s 
U = 220 cm/s 

Case Study 7.10 Six-Storey Building 
Analysis: Non-linear Time Integration 

Data: Case Studies C 

1. Post & Telecommunication Centre Cl: 

h height 37.95 m; A = total area 730,500 m 2 ; 

Devices: LRB = 131; 90 steel dampers 

2. Solano County, California C2: 

h = height = 28.00 m; A = total area = 4,700 m 2 
Devices: FVD = 20 



Presented by www.pdfbooksfree.pk 



7.4 Permutations and Combinations of Devices 



501 



3. Inagi Hospital, Inagi, Japan C3: 

/z = height = 35.81 m; A = total area = 18,518 m 2 
Devices: LRB isolators = 84; 42 steel dampers 

4 University of Basilicata, Italy C4: 

h = height = 25.0 m; A = total area = 12,500 m 2 
Devics: LRB isolators = 80 

5 Guangzhou University Building, China C5: 

h = height = 22.5 m; A = total area = 23,452 m 2 
Devices: LRB isolators = 209 



Results from SAP 2000 



Cl Input level = 25 cm/s; max drift = and 25 cm; L max . top 

displacement = 13.50 cm; U = 40 cm/s; U = 300 cm/s 2 
C2 Input level = 25 cm/s; max drift = 13.98 cm; t/ max . top displacement = 36 cm/s; 

U = 24.5 cm/s; U = 375 cm/ s 2 

C3 Input level = 50 cm/s; max drift = 17.80 cm; £/ max .top displacement = 35 cm; 

U = 25 cm/s; U = 200 cm/ s 2 

C4 Input level = 25 cm/s; max drift = 1/500; L max . top displacement = 1/500; U = 20 cm; 
U = 250 cm/sec; U= 168 cm/s 2 

C5 Input level = 220 g; max drift =1/1 ,406; £/ max . top displacement = 21 cm U = 30 cm/sec; 
U = 220 cm/s 2 




Post & Telecommunication Building, Kobe, Japan 
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Case Study 7.11 Seven-Storey Building 

Seismic WaveForm : El-Centro NS and TAFT, EW 

DATA: CASE STUDY C 



Insert floor plan drawing? 
System Plaza Isogo, 
Yokohama city, Japan 



Yinhe Building 
Wulumugi city, China 



RESULTS: SAP2000 



Insert graph from excel? 



Cl: h = height = 30.3 m; A = total area = 9,242.13 m 2 
Devices: Isolators = 24; devices computed =58 
Dampers = 28 
Lead steel 52 Adopted 

C2:/z = height = 18.9 m; A = total area = 130,000 m 2 
Devices: LRB isolators = 123; Adopted 206 
Dampers = 86 
Devices computed P/C 
LRB + dampers = 200 

Cl Input level = 50 cm/s; storey drift = 1/200 
U = 39 cm/s; U= 50 cm/s; U= 264 cm/s 2 
C2 Input level = 400 gal; storey drift = 22 cm 
U = 50 cm/s; U = 400 cm/s 2 ; C, = 0.21 
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7 Response of Controlled Buildings 



Response - IV 



DISPLACEMENT 

6.40 sec 



I 6.80 sec 




I 7.20 sec 



7.60 sec 




8.00 sec 



STOREY SHEAR 

i — i 2000 t 6.40 sec 




i — i 2000 t 6.80 sec 




i — i 2000 t 7.20 sec 





i — i 2000 t 7.60 sec 



OVERTURNING MOMENT 



i — i 1.0x10 5 t.m 6.40 sec 





i — i 1 .0 x 10 5 t.m 7.20 sec 




OVTM 

i — i 1 .0 x 10 5 t.m 7.60 sec 




OVTM 

i — i 1 .0 x 10 5 t.m 7.60 sec 




Animated earthquake response 4 

Plate 7.12 
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Response - IV 



DISPLACEMENT 

6.40 sec 



I 6.80 sec 




I 7.20 sec 



7.60 sec 




8.00 sec 



STOREY SHEAR 

i — i 2000 t 6.40 sec 




i — i 2000 t 6.80 sec 




i — i 2000 t 7.20 sec 





i — i 2000 t 7.60 sec 



OVERTURNING MOMENT 



i — i 1.0x10 5 t.m 6.40 sec 





i — i 1 .0 x 10 5 t.m 7.20 sec 




OVTM 

i — i 1 .0 x 10 5 t.m 7.60 sec 




OVTM 

i — i 1 .0 x 10 5 t.m 7.60 sec 




Animated earthquake response 4 

Plate No 7.15 
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7 Response of Controlled Buildings 
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7 Response of Controlled Buildings 



DISPLACEMENT 

I 4.40 sec 



Response - III 

STOREY SHEAR 

i 2000 t 4.40 sec 




0.40 cm 



ENLARGED 

BY 

50 TIMES 

i — i 

0.40 cm 



ENLARGED 

BY 

50 TIMES 

i — i 

0.40 cm 




4.80 sec 




i 2000 t 



4.80 sec 



5.20 sec 








5.60 sec 



« 2000 t 




OVERTURNING MOMENT 

-i1.0x10 5 t.m 4.40 sec 




1 I.Ox 10 5 t.m 



X105 
4.80 sec 




' I.Ox 10 5 t.m 



xios 

5.20 sec 



5.60 sec 





i 2000 t 



6.00 sec 



I.Ox 10 5 t.m 



xios 

6.00 sec 





xios 



Plate No 7.18 
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Office wing 

Total floors/ storey = 36 



Plate 7.21 





“0“ Z 



400 cm/sec 2 
± central line 
40 t (sec) 
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7 Response of Controlled Buildings 



(b) 




Plate 7.22 (a) Finite element mesh scheme for the SMB Building, (b) Building substructure 
( total No. of 20 substructures) 



Data: Case Studies C 

1. Cl USC University Hospital, California, USA: 

h = height = 33.5 m; A = total area = 3,995 m 2 ; devices: LRH = 68; IHR = 8 

2. C2 Kadokania Head Office, Tokyo, Japan: 

h = height = 30.4 m; A = total area = 8016 m 2 ; devices: HDR isolators = 16 

3. C3 Shanghai International Circuit, China: 

h = 34.82 m; A = total area = 13,000 m 2 ; devices: Pot bearing elastomer = 4 

4. C4 Linhailu Housing Completion, China: 

h = height = 34.10 m; A = total area = 202.3 m; devices: isolators = 22 
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5. C5 University Hospital Building, Northridge: 

h = 35.0 m; A = total area = 6,308.5 m; devices: LR isolators = 68;N.R = 81 

Total = 177 Adopt 

C5: University Building Devices from P/C computed as 
Northridge, USA = HDR isolators = 24 

= LR isolators = 70 
= LR/NR = 78 

Total = 172 

Results from SAP2000 

Analysis: Non-linear Time Integration 

Cl: Input level = 0.45 g; Storey drift = 6.5/1,000 
U = 26.67 cm; U = 60 cm/s; U = 350 cm/s 2 
C2: Input level = 75 cm/sec; Storey drift = 1/1,360 
U = 37.1 cm; U = 75 cm/sec; U = 500 m/s 2 
C3: Input level = 200 cm/sec; Storey drift = 1/100 
U = 20 cm; U = 35 cm/sec 2 ; U = 250 cm/s 2 
C4: Input level = 400 gal; Storey drift = 

U = 16.7 cm; U = 50 cm/s; U = 400 cm/s 2 
C5: Input level = 350 gal; Storey drift = 20 cm 
U = 18.9 cm; U = 29 cm/s; U = 359 gal 

C5: Shear deformation and strain = 20 cm; C 3 case = 6 cm; C 5 case. 

T ve rt= 3.2 mm 

cr b ^bearing stress = 10 N/mm 2 compression. 

Case Study 7.12 Twelve Storey building 
Seismic waveform: El-Centro; Taft EW; Isobe 1995 
Data Case Study C 

1. Cl King County Court House, Washington, USA: 
h = height = 65.0 m; A = total area = 55,560 m 2 ; 

Devices: steel braces = 40; steel dampers = 96; device from P/C =105 (adopted) 

2. C2 Education Mansion, Nanjing, China: 

h = height = 46.80 m; A = total area 8,500 m 2 

Devices: viscous and non- viscous dampers = 64; device from P/C = 71 (adopted) 
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Results from SAP2000 

Cl Input level = 400 cm/s; storey drift = 18.2 cm; £/ max . top 
displacement = 25.2 cm; U = 35 cm/s; U = 0.35 g 
C2 Input level = 510 cm/s 2 ; max drift = 1/140; t/ max . top 
displacement = 13 cm/s; U = 35 cm/s; U = 510 cm/s 2 

cr b = bearing stress = 1 1.9 N/mm 2 compression. 

t = shear deformation = 28.5 N/mm 2 

Tyert = 2.95 mm 

S t = tension = 2.95 N/mm 2 

Case Study 7.13 Eighteen-Storey Building 
Seismic waveform, El-Ccentro NS, Taft EW 

Data Case Study C 

1. Cl Office Building, Sendai, Japan: 

h = height = 84.9 m; A = total area = 32,801 .20 nC; 

Devices: sliding and R. bearings = 36 

2. C2 Sendai Mori Building, Japan: 

h = height = 74.9 m; A = total area = 43,193 m 2 
Devices: isolators = 26; sliding bearings =10 

3. C3 Sendai Mori Building, Japan: 

h = height = 51.9 m; A = total area 1 60,000 m 2 
Devices: ME isolators =110; leach dampers =110 

Results from SAP2000 

Cl Input level = 81.96 gal (18th floor); storey drift = 20.0 cm; 

C2 

C3 

^b = 

T = 

^vert 

St 



Case Study 7.14 ToranoMon San-Chome building 
Designed by Shimizu Construction, Tokyo, Japan 

Building Data 

Reinforced concrete rigid frame building with non-bearing walls. Refs. Plate 7 
Total floor area = 3372.989 m 2 ; building height = 29.70 m 
Area/floor = 392.352 m 2 ; type of earthquake: El-Centro Taft 
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Seismic Waveforms 



Initial velocity 
35 cm/s 
50 cm/s 

Total floors above ground = 8 
Total: Isolators 
Rod damper 

Total number calculated = 35 
= 25 No. actually adopted 



El-Centro (1940) Taft (1952) 

358 cm/s 2 348 cm/s 2 

551 cm/s 2 497 cm/s 2 

= 12 with A and B permutation and combination 
= 23 



Soil Property and Foundation Data 

Note: This is used for soil-structure interaction 



GF-m 


0-8.7 


8.7-21.4 


21.4-39.3 


>39.3 


Soil layer 


Clay with fine sand 


Fine sand 


Sand pebbles 


Fine sand 


N value 


9-31 


11-50 


> 50 


> 50 



Permissible pile resistance 



Foundation 

Ground type and foundation 
structure 

Maximum contact pressure 
(pile resistance) 

Main structure 
Structural features 



Frame classification 

Material for column 
Beams, sections 



Columns, beams, joints 

Floor 

Roof 

Non-bearing wall 



Cast in situ concrete pile: resistance (t/pile): 3000 dia - 900; 
2,700 dia - 850; 2,400 dia - 7 10; 2,200 dia - 620; 1 ,300 dia - 
270; short-term resistance: twice the long-term resistance 

Cast in situ concrete pile is supported directly on gravelly soil 
layer at GF-23m 

1 ,300 dia - 253 t; 2,200 dia - 605 t; 2,400 dia - 66 1 1; 2,700 dia 
-787 t; 3,000 dia -851 t 

It is a structure where the device consisting of laminated 
rubber bearing and steel damper is placed between the 
RCC upper structure and the foundation 
X direction: RCC rigid frame and RCC antiseismic wall Y 
direction: RCC rigid frame and RCC antiseismic wall 
RCC structure, column - B x D 700 x 700, 900 x 1000 
BeamB x D = 500 x 700-500 x 1000; Concrete - common 
concrete, FC = 240 kg/cm 2 ; Steel bars - deformed Bars 
SD30A, SD53 (JISG3112) 

RCC rigid structure 
RCC slab 
RCC slab 

Outer wall - RCC structure; Inner wall - RCC structure, 
concrete block structure 



Structural Design 

The device 
Faminated rubber 
OD of laminated rubber 
Inner rubber 
Thickness 
Payers 



Each laminated rubber assembly consists of 
880 dia 960 dia 1030 dia 

Natural rubber 

5.4 6.2 6.0 

36 30 30 
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(continued) 



Outer rubber 


Special synthetic rubber 8 mm thick 




Inner steel plate 


SPHC (JIS G 3131) 






Thickness 


2.2 


2.2 


2.2 


Layers 


35 


29 


29 


Outer steel plate 








(flange plate) Type I 


SS41 (JIS G 3106) 






Thickness 


28 


32 


32 


Layers 


2 layers, top and bottom 




Type II 


SM50A (JIS G 3101) 






Thickness 


41 


47 


32 


Layers 


2 layers, top and bottom 




Fixing bolt 


SS41 (JIS G 3101) 






Type I 


8-M30 


8-M36 


8-M36 


Type II 


16-M30 


16-M36 


8-M36 


Rubber properties 


Inner rubber 


Outer rubber 




Hardness (JIS A type) 


40° ± 5 


60 ±5 




Stress at 25% elongation (kg/cm 2 ) 


3.4 ± 10 


6.0 ±2.0 




Tensile strength (kg/cm 2 ) 


200 min 


120 min 




Shear elongation (%) 


500 min 


600 min 




Steel rod damper 


Each set consists of 







Steel rod - SS45C (JIS G 4501), dia 35 min length 
994 min; piston - SS41 (JIS G 3101) dia 160 mm length 
300 mm; dia 235 mm, length 60 mm (ends); cylinder - 
SS41 (JIS G 3101), dia 235 mm, length 290 mm, 
thickness 32.5 mm; steel rod fixing plate - SS41 (JIS G 
3101), dia 600 mm; thickness 60 mm; flange - SS41 (JIS 
G3101), dia 600 mm, thickness 40 mm; fixing bolt - 
SS41 (JIS G 3101), 8-M36 

Design Details 

A Comparative Study of Results 

Case Study 7.15 

Analysis type Seismic waveform type — > El-Centro and Taft Degree of freedom 9 

Dynamic Type of analysis 

non-linear FE 



S. No 

Direction 






Program Isopars 
Direction 




Type 


X* 


Y* 


Z* X* 


Y* 


Z* 


1 Fundamenta 
period Tfsec) 


(a) mode 1 


1.62 


1.52 


1.59 


1.50 


0.06 


(b) mode 2 


2.61 


2.57 


2.52 


2.98 


0.39 


2 Damping 

C&P) 

3 Shear coefficient 


1% 

(upper structure) 
0.150 (LF) 


0% 

0.150 (LF) 


1% 


1% 


0% 


Q 




0.191 (IF) 
0.296 (TF) 


0.191 (IF) 
0.296 (TF) 


} same 


AS 3 
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(continued) 



S. No 

Direction 






Program Isopars 
Direction 




Type 


X* 


Y* 


Z* X* 


Y* 


Z* 


4 Seismic load % 












(a) Rigid frame 


35 (LF); 62 (IF) 


4 (LF), 18 (IF) 










108 (TF) 


45 (TF) 








(b) Pressure wall 


65 (LF); 38 (IF) 8 


96 (LF), 82 (IF) 


} same 


AS — > 






(TF) 


55 (TF) 








5 Device t/ max 












(a) Input 35 cm/s 


12.5 cm (Taft) 


12.4 cm (Taft) 


1 1.71 cm 


11.67 cm 


0.05 cm 








(El-Centro) 


(El-Centro) 


(El-Centro) 


6 (b) Input 50 cm/s 


18.4 cm 


23.10 cm 


17.93 cm 


21.75 cm 


1.25 cm 








(El-Centro) 


(El-Centro) 


(El-Centro) 


7 Upper structure 


146 cm/s 2 


132 cm/s 2 


138 cm/s 2 


128 cm/s 2 


50 cm/s 2 


U at foundation 


203 cm/s 2 


189 cm/s 2 


198 cm/s 2 


190 cm/s 2 


75 cm/s 2 


8 Max shear Q 1st 












floor 












(a) Input 35 cm/s 


0.113 


0.118 


0.114 


0.120 


0.110 


(b) Input 50 cm/s 


0.164 


0.186 


0.170 


0.190 


0.113 



Case Study 7.16 Nine-Storey building 

Seismic WaveForm: El-Centro NS TAFT EW, KUBA 1995 

Data: Case Studies C 

1. Cl Tonghui Gardens, Beijing, China: 

h = 33.2 m, A = 480 m 2 ; devices: LRB isolators 

2. C2 Government Office Building: 

h = 46 m, A = 6,680 m 2 = 4,200; devices: lead dampers = 600 
Kushiro Japan 

Devices computed from C/P = 4,900 (adopted) 

Results from Dynamic Response, Time History Analysis SAP2000 

Cl: Input level = 400 cm/s 2 ; storey drift = 1/7520; 

U= 20 cm, U = 35 cm/s, U = 400 cm/s 2 

C2 : Input level = 35 cm/s, storey drift =13 cm; 

U= 13 cm, U = 35 cm/s, U = 400 cm/s 2 

<7 b = bearing stress = 12.2 N/mm 2 compression 
t = shear deformation = 29.95 cm for drift = 1/7500 
^ vert = 3.1 cm 20 cm for drift 1/500 

a t = tension = 3.1 N/mm 2 

Case Study 7.17 Thirteen-Storey building 

Seismic WaveForm El-centro NS, TAFT EW; KOBE 
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Data: Case Study C 



Suqian Renfanzhihui Cl: h = height = 48.9m, A = total area = 12,300 m 2 
Building, Seqian City, China 

Devices: LE and friction sliding isolators = 65 

Viscous dampers = 4 



Computed from P/C 



= 69 Adopted 
63 
6 

69 



Case Study 7.18 Nine-storey building 

Seismic Waveform: El-Centro NS; Taft EW, Kuba, 1995 

Data Case Study 

1. Cl Tonghui Gardens, Beijing, China: 

h = 33.2 m, A = 480,000 m 2 ; devices: LRB isolators 

2. C2 Government Office Building, Kushiro, Japan: 

h = 46 m, A = 6,680 m 2 = 4,200; devices: lead dampers = 600 
Devices computed from C/P = 4,900 (adopted) 

Results from Dynamic Response, Time History Analysis SAP2000 

Cl: Input level = 400 cm/s 2 ; storey drift = 1/7520; 

U= 20 cm, U = 35 cm/s, U = 400 cm/s 2 

C2: Input level = 35 cm/s, storey drift =13 cm; 

U= 13 cm, U = 35 cm/s, U = 400 cm/s 2 

<r b = bearing stress = 12.2 N/mm 2 compression 
t= shear deformation = 29.95 cm for drift = 1/7500 
T ver t 3.1 cm 20 cm for drift 1/500 
(7 1 = tension =3.1 N/mm 2 

Case Study 7.19 Thirteen-Storey building 

Seismic Waveform: El-Centro NS; Taft EW, Kuba, 1995 

Data: Case Study 

1. Cl Seqian Renfanzhihui Building, Seqian City, China 
h = height = 33.2 m, A = total area = 480,000 m 2 ; 

Devices: LE and Friction sliding isolators = 65, viscous dampers = 4 
— > 69 adopted 

Computed from PC 63 
6 _ 

69 
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Results from SAP2000 

Cl: Input level = 510 cm/s 2 , storey drift = 1/500; 

U= 16.3 cm, U = 35 cm/s, U = 460 cm/s 2 
(T b = bearing stress = 17.7 N/mm 2 compression 
t = shear deformation = 14.7 cm 

Case Study 7.20 Twenty-Storey Building 

Seismic Waveform: El-Centro NS; Taft EW, Kuba, 1995 

Data: Case Study 

1. Cl Shinagawa Station Building, Minatoku, Japan 
h height = 90.4 m, A = total area = 62,754.200 m 2 ; 

Devices: Steel unbonded braces and hysteric steel dampers = 195 

Computed from PC 

189 

Results from SAP2000 

Cl : Input level = 50 cm/s 2 , storey drift = 1/100; 

U= 18.4 cm, U = 50 cm/s, U = 259 cm/s 2 

Ci = max shear coefficient = 20 

T bx = 0.051; r by = 0.061; r bz = 0.017 

a bx = 18.1 N/mm 2 ; cr by = 15.7 N/mm 2 ; (j bz = 0.147 N/mm 2 

<7 b = bearing stress 

t = shear deformation 

^ vert 

o t = tension 

Case Study 7.21 Eight-Storey Building 

Seismic waveform: El-Centro NS; Taft EW, Kuba, 1995 

Data: Case Studies C 

1. Cl USC University Hospital California, USA: 

h = height = 33.5 m, A = total area = 3,995 m 2 ; devices: LRH = 68; IHR = 8 

2. C2 Kadokawa Head Office, Tokyo, Japan: 

h = height = 30.4 m, A = total area = 8,016 m 2 ; devices: HDR isolators =16 

3. C3 Shanghai International Circuit, China: 

/z = height = 34.82 m, A= total area =13,00 m 2 ; devices: pot-bearing 
elastomer = 4 

4. C4 Linhaitu Housing Comletion, China: 

h = height = 34. 1 m, A = total area = 2,002.3 m 2 ; devices: isolators = 22 

5. C5 University Hospital Building, Northridge: 

h = height = 35.0 m, A = total area = 6,308.5 m 2 ; devices: LRH isolators = 68; 
N.R = 81 
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Devices computed from P/C: 

= HDR isolators =24 

LR isolators 70 

= LR/NR = 78 

172 

Results from SAP2000 

Analysis Non-linear Time Integration 

Cl: Input level = 0.45 g; storey drift = 6.5/1,000; 

£7 = 25.67 cm, U = 60 cm/s, U = 350 cm/s 2 

C2: Input level = 75 cm/s, storey drift = 1/1360; 

£7=37.1 cm, U = 75 cm/s, U = 500 cm/s 2 

C3: Input level = 200 cm/cm 2 ; storey drift = 1/1000; 

£7= 20.0 cm, U = 35.0 cm/s, U = 250 cm/s 2 

C4: Input level = 400 gal, storey drift = 20 cm 

£ 7 = 16.7 cm, U = 50 cm/s, U = 400 cm/s 2 

C5: Input level = 350 gal, storey drift = 

£ 7 = 18.7 cm, U = 29 cm/s, U = 3,590 cm/s 2 

cr b = bearing stress = 10.0 N/mm 2 compression 
t = shear deformation and strain = 20.0 cm for C3 case 

= 6.0 cm for C5 case 

Tyert = 3.2 mm 

<r t = tension =3.1 N/mm 2 

Case Study 7.22 Eight Story Building 

Seismic Waveform: El-Centro NS; Taft EW, Kuba, 1995 

Data: Case Studies C 

1. Cl Los Angeles City Hall, LA, USA: 

h = height = 42.0 m, A = total area = 100,406.7 m 2 ; 

Devices: Isolators (HDR + SLB = viscous dampers) = 526 actually placed 
Isolators (HDR + SLB = viscous dampers) = *59 (calculated) 

Cl: Input level = MCE (10% in 100 years); storey drift = 3/1000; 

£ 7 = 53.30 cm, U = 35 cm/s, U = 0.35 g 

Results from SAP2000 and Program ISOPAR for checking results 

*using permutation/combination and finally checked by time history 
analysis 

ibx = 0.071; T by = 0.019; T bz = 0.020 

a hx = 20.2 N/mm 2 ; cr by = 17.7 N/mm 2 ; cr bz = 0.1 58 N/mm 2 

Q = 0.31 

Total floors/storeys= 36 
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7.5 Seismic Design of Tall Buildings in Japan - A Comprehensive 
Study 

7.5.7 General Introduction 

Kiyushi Muto in his report (MUTO Report 73-1-1, May 1973) laid out a 
comprehensive method for the planning and design of tall buildings (h< 45m 
and h> 45m) in Japan. In order to obtain horizontal seismic coefficients, 
Tables 10.14 and 10.15 give preliminary calculations based on an old Japanese 
code. In the same section, the work has been modified by including the effects 
of vertical acceleration. The SMB building of 55 storeys is taken as a study 
case (Plate 7.8). 

The Muto Institute has provided a flow chart (Fig. 7.1) which indicates the 
AIJ guidelines for the seismic analysis and design of tall buildings in Japan. It is 
suggested that preliminary design planning be checked and analysed against 
several earthquakes. Dynamic analysis is performed using a rigorous vibration 
model in conjunction with structural stiffness. A series of computer programs 
have been developed (FAPP I to FAPP IV) for steel structures. Figures 7.9 and 
gives a brief illustration of what these computer programs can do. Examples in 
Table 3.18 indicate the response control in actual tall buildings. 

After developing a sound technique for planning, testing various buildings and 
obtaining a criterion for the seismic analysis of tall buildings, the Muto Institute 
took up the case of the Shinjuku Mitsui Building (SMB) in Tokyo, a 55-storey, 
225m high office building as shown in Plate 7.8. Typical floor areas are 
58.4x44. 5m. The building has sufficient stiffness against strong winds and 
typhoons, which frequently occur in Japan. The stiffness of this building was 
assessed initially by a value given by the fundamental natural period T\ =0.1 N 
where N is the number of storeys. Hence T\ =0.1 x 55 = 5.5 seconds. Various 
layouts and schemes were considered but T x was not sufficient in the transverse 
direction. The final suitable design layout is shown in the Muto Report. 

The El-Centro Earthquake was considered as the basis for the animated 
earthquake response of the SMB building. 



7.5.2 Resimulation Analysis of SMB Based on the Kobe 

Earthquake Using Three-Dimensional Finite Element 
Analysis 

The earthquake of 17 January 1995 that occurred in the area of Kobe in 
southwestern Japan, also known as the Hanshin or Hyogo-Ken Nanbu Earth- 
quake, caused extensive damage and numerous casualties. The magnitude of 
this earthquake was M=7.2. Various universities and institutes in Japan 
reported crust deformations, the foreshocks, with around 6,000 events 
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Note: Consideration should be paid on the strong 
wind effects together with earthquake motion 



Fig. 7.1 
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Peak horizontal acceleration (cm/s/s) 

Fig. 7.2 Plots of peak horizontal acceleration versus peak vertical acceleration (courtesy of 
Japan Seismological Society, Tokyo, 1995, Fig. 4) 

immediately after these shocks, irregular recordings of electromagnetic signals 
of both high and low frequency and disturbances in seawater temperature. 

For the first time it became clear how important the peak vertical acceleration 
is in conjunction with peak horizontal acceleration. Figures 10.2 and 10.3 pro- 
duced by the Seismological Society of Japan give acceleration and velocity 



7.5.2. 1 Data I 

Maximum horizontal acceleration 818 gal 

Maximum vertical acceleration 447 gal 

Maximum horizontal velocity 40 kine 

Maximum vertical velocity 90 kine 

Maximum horizontal displacement 1 1 cm 

Maximum vertical displacement 21 cm 
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A Comparative Study of Results 

Case Study 7.23 Thirty-Two-Storey Building 
Analysis Type 

Dynamic Non- Seismic Waveform Type of El-Centro 300-345 Degrees of 
linear Time Analysis gal Freedom: 32 

Integration 





Hikken Sekki Co, Ltd 






ISOPAR and G-Graph 






DIRECTION 






DIRECTION 




S. No. 


Type 


*X 


*Y 


*Z *X 


*Y 


*Z 


1 


Fundamental period 


2.88 


2.76 


2.77 


2.73 


0.51 




n s) 

(a) mode 1 

(b) mode 2 


1.07 


1.02 


1.07 


1.02 


0.21 


2 


Damping 


0.02 


0.02 


0.02 


0.02 


0.02 


3 


Shear 


0.10 


0.10 


0.10 


0.10 


0.10 




coefficient (Q) 












4 


Seismic load % 


80 (FI) 


60 (F2) 


- 








(a) Rigid frame 


70 (F2) 


70 (F2) 


- 








(b) Bearing walls 


20 (FI) 


40 (FI) 


- 










30 (FI) 


30 (FI) 








5 


Device £/ max and Q 


- 


- 


10.87 cm 


10.23 cm 


0.06 cm 




(a) Input 50 cm/s Q 


- 


- 


18.89 


20.35 


1.30 




(b) Input 300 cm/s Q 


- 


- 








6 


Upper Structure 


- 


Mi 


170 cm/ 


170 cm/ 


50 cm/s 2 




U 


0.088 


0.091 


s 2 


s 2 


0.110 




(a) Input 50 cm/s C t 






0.114 


0120 






(b) Input 518 cm/s Q 


- 




350 cm/ 


189 cm/ 


56 cm/s 2 






0.147 


0.153 


s 2 


s 2 


0.113 










0.140 


0.230 





Hysteresis Loop 

Case Study 7.24 Thirty-Six-Storey Building 

Building Data: 

- Industrial Cultural Centre, Omiya City, Japan 

- Designed by Hikken Sekki Co, Ltd, Tokyo, Japan 

- Above ground: Steel rigid frame with steel plate walls-total floors: 36 
(offices) 

- Below ground: RCC rigid frame, using RCC and steel walls-total floors: 17 
(hotel) 

- All types of walls antiseismic 

- A = total floor area = 105060.16 m 2 

- Standard area/floor: 21 19.64 m 2 (office) 

707.40 m 2 (hotel) 
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(continued) 

-Total number of 
isolators: 12 

-Dampers: 6 Total number of isolators and dampers evaluated 

18 from P/C-evaluated Non-linear Time Analysis = 21 



H= building height 


Office wing 


136.550 m 




Hotel wing 


57.050 m 


H = max height of the structure 


Office wing 


140.050 m 




Hotel wing 


57.050 m 


Standard floor height 


Office wing 


3.8 m 




Hotel wing 


3.2 m 


Height of first floor 


Office wing 


5,500 m 




Hotel wing 


- 


Height of the equipment floor 


Office wing (13th floor) 


5,500 m 




Hotel wing 


- 


Height of basement floor 


Office wing 


5,800 m 


Floors 


Hotel wing (B1 floor) 


5,800 


Above ground 


Office wing 


31 




Hotel wing 


13 


Below ground 


Office wing 


4 




Hotel wing 


3 


Penthouse 


Office wing 


1 




Hotel wing 


1 



Soil Property and Foundation Data 

Note (used also for soil-structure interaction) 

Soil Property and N value 



N 

GL-m Soil layer value 

0. 0-5.0 Loam and clay (lm. DT) 1-5 

5.0- 10.0 Sandy soil, cohesive soil (D c 2, D c l) 3-34 

10.0- 26.0 Sandy soil ± (D2) 16-44 

26.0- 41 .0 Cohesive soil (D c 2, D c 3) 4-44 

41.0- 43.0 Alternate layers of gravel, sandy soil and cohesive 14-50 

soil 

43.0- 48.0 Cohesive soil ± (D c 4) 10-15 

48-63 Sandy soil dh (D3) 30-50 

Permissible Pile resistance: 250t/m 2 
ground 
resistance 
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Ground Property 



Foundation depth 

Ground type, foundation structure 
Maximum contact pressure (Pile resistance) 



Office wing 25.250 m 

Hotel wing 17.450 m 

Pile foundation 
210 t/m 2 (pile) 



Main Structure 



Structural features 
Frame classification 

Bearing walls, other walls 

Material for columns, 
beams, sections 



Columns, beams, joints 



Floor 

Roof 

Non-bearing walls 



In both X and Y directions, rigid frames containing antiseismic 
steel plate walls at the core are provided 
Structure above ground: RCC rigid frames using steel plate walls; 
Structure below ground: RCC rigid frame using RCC antiseismic 
walls and steel frames 

Structure above ground: Steel plate antiseismic walls 
Structure below ground: RCC antiseismic walls 
Structure above ground: Column - 600 x 600 with a box-like cross- 
section; 

Beam- welded I section with depths of 850, 1200, 1500 
Structure below ground: Column - 1 100 x 1 100 and 1 000 x 1000; 

Beam - 8 50 x 1200 and 850x900 
Steel frame - SM50; Steel bars - SD35, SD30; 

Concrete - Floor above ground: light concrete strength - 180 kg/cm 2 
(sp. gr. 1.75, 1.85); 

Floor below first floor: common concrete strength - 210 kg/cm 2 
Structure above ground: Beam flange welded at site. Beam web 
fixed with HT bolts and columns welded at site; 

Structure below ground: Steel sections fixed with HT bolts 
(columns and beams, factory welded) 

Structure above ground: RCC slab 
Structure below ground: RCC slab 
Cast in situ concrete structure 
Outer wall - Precast concrete structure; 

Inner wall - Light steel frame with laminated PB 



7.5.3 Data I 

Maximum horizontal acceleration = 818 gal 
Maximum vertical acceleration = 447 gal 
Maximum vertical velocity = 40 kine 
Maximum horizontal velocity = 90 kine 
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7.5.4 Data II 



In the finite element analysis dynamic equations given in the Appendix, the 
damping ratio is 10%. Isoparametric four-noded solid elements are used for the 
finite element discretization. The following gives additional data: 



1. SBM 55-storey frame and floors 

Floor: Four-noded solid elements (55,500) 
Frame: Four-noded line elements (220,000) 

2. Soil-structure interaction 

2,400 nodes on ground surface 

2,200 nodes on ground-structure interface _ 



Computer CRAY-3 



Reference is made to the soil-structure analysis in Chap. 6. 



7.5.4. 1 Provision of Controlled Devices 

(a) Total number of isolators = 1,650 computed with P/C and non-linear time 
integration 

Total number of HAD type= 1,620 provided by designers (HRD) 

Total number of dampers: 

(b) Viscoelastic computed = 335 
Viscoelastic provided = 365* 

(c) Viscous computed =155 with P/C calculation and non-linear time 
integration 

Viscous provided = 159* by the designers 

(d) Sensors = 80 

*Note: Positions available in the building where the devices could easily be 
accommodated. 

Results based on ISOPAR-II 



Ground period 
Primary design period T 
Design shear coefficient Q 



Horizontal seismic intensity 
at the foundation K 

Maximum storey drift 



T c = 0.6 sec 

T xl = 2.88; T yl = 2.76; T zl = 1.35 
Along the length: 0.10; along the width: 010; 
distribution pattern: it includes the shear 
distribution as obtained from the vibration 
response analysis 

The seismic intensity K at IF: 0.10; the seismic 
at GL-40m = 0. In between, it is interpolated 
assuming a straight line relationship 
3/1000 

Maximum horizontal and vertical displacements respectively 1 1cm and 21cm 
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ibx = 0.10; Tb y = 0.10; T bz = 0.022 

cr bx = 25.3 N/mm 2 ; <7 by = 19.3 N/mm 2 ; <7 bz = 0.23 N/mm 2 

Acceleration time relation is drawn in 10. 16, giving values in three directions 
X, Y and Z. 

7.5.4.2 Finite Element Analysis: Non-linear Time Integration 

Programs ISOPAR and SAP2000 have been used to check each other’s vali- 
dated results and to check certain specialized data and results. 

The finite element mesh scheme with boundary conditions defined is shown 
in Plate 7.23. The step-by-step time integration analysis is adopted as part of 
this dynamic finite element analysis. The loadings given by the Muto Institute in 

Fig are adopted as the input data to the three-dimensional finite element 

analysis. 

For reasons of economics in the overall performance of time-consuming 
solution procedures, the entire structure is divided into seven No. 8 substruc- 
tures. The loading on one substructure from the Muto seismic analysis is given 
in Fig. 7.4. All columns are 500x500 mm box-type fully welded and rigidly 
connected to a girder. The transverse framing consists of wall frames, open 
frames and braced frames. Dead weight is assumed to be 1 1 5 kg/m 2 (l .045 KN/m 2 ). 
A non-linear earthquake of 0.5 g was assumed for this study. 

Due to the inclusion of vertical acceleration simultaneously with the hor- 
izontal acceleration, the approach is completely changed. If this building were 
located in the Kobe region during the earthquake, the damage to the floors and 
frames would be in the ratio of three times the damage if vertical acceleration 
were not ignored. The deformation shear and overturning moments by the 
Program ETABS, checked by Programs ISOPAR and SAP2000 for the ani- 
mated earthquake responses, would be on average four times more. A compara- 
tive study of the displacement-time function graph (Fig. 10.5) indicated a 
marked difference for the Kobe earthquake. All seismic devices were placed 
and functionable. 

The SM building is taken as an example for the three-dimensional dynamic 
finite element analysis in which material and geometric non-linearity are con- 
sidered. Figure 10.16 shows ductility models for the various materials adopted. 
These models are included in the program ISOPAR (extended three-dimen- 
sional analysis of building systems) developed by Wilson et al. at the University 
of California. The building is idealized as independent frames and sub-frames 
interconnected by a flooring system adopted by the Muto Institute. Axial, 
bending and shear deformations are included within each column made of 
500 x 500 welded box-type members. Beams, girders and vertical panel elements 
allow discontinuity. The loadings evaluated accurately by the Muto Institute 
for the SBM building have been modified to include the effects of both hor- 
izontal and vertical acceleration. Non-linear earthquakes of 0.5 g are consid- 
ered for Kobe and other earthquake locations, assuming the SMB is sited in 
these areas as well. 
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Note: all values are in Kg/m 2 



Fig. 7.4 Stress diagram for seismic load 
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Fig. 7.5 Displacement-time history (Kobe) 

Figure 10.7 shows a comparative assessment of modes based on the El- 
Centro and Kobe earthquakes. In all cases vertical acceleration is included 
simultaneously with horizontal acceleration. Table 7.12 shows a comparative 
safety assessment of the SMB building subjected to various earthquakes. The 
effects on this building due to the Kobe earthquake are enormous. The damage 
is predicted. Owing to massive outputs, only Table 7.13 summarizes the 
strength reduction and excessive storey drift under various earthquakes without 
devices. 

In addition, the same building was put to the other waveform apart from 
El-Centro (NS) and Taft (EW) such as TokyolOl (NS) and Sandai (NS). For 
linear earthquake of intensity 0.10 g, using constant damping of 0.030 and 
considering soil-structure interaction, the values of acceleration and shear are 
plotted against strorey height. They are shown in Plate 10.12 for the SMB 
building. Again, non-linear earthquake response was considered for El-Cen- 
tro (NS) waveform with four intensities of 0.1, 0.3 and 0.5 g. Soil-structure 
interaction effect was considered again (aM = 100, 300, 500). The results have 
been obtained using Program ETABS. Both shear and storey drift are plotted 
for floor heights. No devices in these results were considered. The reader can 
fudge the performances of the SMB building with and without devices. These 
results are given in Plate 10.13. Next, for the same building, Program ETAB 
was used to compare storey drift and overturning moments for the earth- 
quakes with and without devices for various storey heights in Plate 10.14. The 
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Table 7.11 BRI Standard for H > 45 m 

Seismic force 

F =C X .W 
C\ = C 0 .Z. I 

Where C 0 - basic shear coefficient 

C 0 = 0.25* for T<G + 1.75 sec 

= for T<G + 1.75 sec 

T-G 

T = fundamental natural period 
G = soil factor 

= -0.75, 0, 0.5, 0.75 
S = construction factor 
= 0.9, 1.0 
Z = zoning factor 
= 1.0, 0.9, 0.8 
/ = importance factor 
Lateral seismic force 

f = ifi+ 2 fi+ a/S 
ifi= a CiWx 

2 f = PC iWx. =F*~ 

z2 x . o Wxx 

iA= yC iW 

where Wx = ith floor lumped load 

W = total load 
x = height of ;'th floor 
a = (2 - T)/2(T< 2), 0(r> 2) 

/?= Tj2(T< 2), (12- 7)/10(r> 2) 

y = 0(r< 2), (r- 2)/io(r> 2) 
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Table 7.12 Seismic load in Japan (horizontal co-efficient) 

Building code for H < 45 m 
seismic force 

fi=kWt 

where k = seismic coefficient 
W t = ith floor lumped load 

seismic coefficient 

k = k 0 . Z . S 

where k 0 = 0.2 for H < 16 m 

i = increment = 0.1 every 4 m over 16 m 
Z = zoming factor = 1.0, 1.9, 0.8 
S = soil and constuction factor 
= 0.6, 0.8, 1.0, 1.5(rock — > soft soil) 
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Second 



Fig. 7.6 (x-T relations for SMB Building-A comparative study) 
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7 Response of Controlled Buildings 




Fig. 7.9 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 




Fig. 7.10 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 
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Fig. 7.11 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 
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Fig. 7.12 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 
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Fig. 7.13 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 
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STEEL FRAME WITH SLITTED WALL REINFORCED CONCRETE FRAME 




Fig. 7.14 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 
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Fig. 7.15 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 
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Fig. 7.16 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 
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Fig. 7.17 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 





BF2 0 10 20 30 40 50 60 t (sec) 

Fig. 7.18 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 
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Fig. 7.19 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 
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Fig. 7.20 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 
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Fig. 7.21 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 
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Seismic Wave-Form: El-Centro N.S. And Taft,Ew 
Date: Case Studies C 
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CASE STUDY-C1 



Results: SAP 2000 

Cl: Input level = 50 cm/sec; storey drift =1/200 
u= 39 cm/sec; u = 50 cm/sec ; u = 264 cm/sec 2 
C2: Input level = 400 gal; storey drift = 22 cm 
u = 50cm/sec ; u =400 cm/sec 2 ; C t = 0.21 
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Fig. 7.22 (Source: MUTO Institute, Tokyo, Japan. Professor: MUTO) 



Presented by www.pdfbooksfree.pk 



552 



7 Response of Controlled Buildings 





0 50 100 0 500 1000 1500 

Acceleration Shear 

Fig. 7.23 Linear earthquake response-A comparative study 
FE-Finite Element Analysis By Bangash using El-centro 
MI-Muto Institute, Japan, using Taft £ = 3% damping 




Shear 




Fig. 7.24 Non-linear earthquake response-A comparative study 
Intensity marked 0.1, 0.3, 0.5g. 

Results from F.E. £ = 3% damping 
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Fig. 7.25 Comparative Study of Earthquakes 
Results from F.E. and Muto Institute M.I 
FE-Finite Element 
MI-Muto Institute, Japan 
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Fig. 7.26 Amplitude versus frequency-A comparative Study 
Note: Floors are not represented 
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damping of 0.03 is kept constant taking into consideration the soil-structure 
interaction effects. 

Then it is necessary to check Fourier spectrum in each direction for the SMB 
building with and without seismic devices using Program ETAB. Plate 7.15 
shows these results. 

It is concluded that vertical acceleration is important and cannot now be 
ignored. Since the SMB building is not actually in the Kobe region, the building 
is safe and the existing design features are adequate even if the vertical accel- 
eration parameters are included. In the Kobe region this type of building would 
receive superficial damage but would not collapse due to specific layout tech- 
niques adopted by the Muto Institute, Japan. 
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Chapter 8 

Seismic Criteria and Design Examples Based 
on American Practices 



8.1 General Introduction 

This chapter briefly contains the design criteria provided in UBC-97. A table is 
provided for various structural systems and is followed by the structural design 
requirements for framing systems, performance categories, building configura- 
tions, including plan and vertical structural irregularities. As action is given on 
combination of load effects, it became necessary to give the American views on 
deflection and drift limits. This is followed by equivalent lateral force procedure, 
period determination and seismic base shear. Vertical distribution of seimic 
forces and horizontal base shear distribution, torsion and overturning moments 
are fully described and supported by design equations. Next P — A effects, modal 
forces, deflection and drifts are given due consideration. Soil- structure interac- 
tion effects given earlier in the text are briefly mentioned to remind the designer 
that it necessarily has to be dealt with. They are described in Chap. 6. 

This chapter gives away design examples based on the criteria given in 
UBC-97. 



8.2 Structural Design Requirements for Structures 
8.2.1 Introduction to the Design Basis 

The seismic analysis and design procedures to be used in the analysis and 
design of structures and their components shall be as prescribed in various 
codes. The design ground motions can occur along any direction of a struc- 
ture. The design seismic forces and their distribution over the height of the 
structure shall be established by a specific code and the corresponding internal 
forces in the members of the structure shall be determined using a linearly 
elastic model. An approved alternative procedure may be used to establish the 
seismic forces and their distribution, in which case the corresponding internal 
forces and deformations in the members shall be determined using a theore- 
tical model. 
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Individual members shall be designed and sized for the shears, axial forces 
and moments determined in accordance with these provisions, and connections 
shall develop the strength of the connected members or the forces. The founda- 
tion shall be designed to accommodate the forces developed or the movement 
imparted to the structure by the design ground motions. In the determination of 
the foundation design criteria, special recognition shall be given to the dynamic 
nature of the forces, the expected ground motions and the design basis for 
strength and energy dissipation capacity of the structure. The foundations can 
be flexible or rigid. In the layout the foundations shall have the isolators care- 
fully arranged to offset damaging seismic forces. The most comprehensive work 
is given on numerical modelling in the author’s book on Earthquake Resisting 
Buildings , published by Springer- Yerlag, Germany. 



8.3 Drift Determination and P- A Effects 

Storey drifts and, where required, member forces and moments due to P — A 
effects shall be determined in accordance with this section. 



8.3.1 Storey Dvift Determination 

The design storey drift shall be computed as the difference between the deflec- 
tions at the top and bottom of the storey under consideration. The deflections of 
level x and the centre of the mass 5x (in or mm) shall be determined in 
accordance with the following equation: 

< 5 * = CdS xc ( 8 . 1 ) 

where 

C d = the deflection amplification factor 

8 XC = the deflection determined by an elastic analysis (in or mm). 

Where applicable, the design storey drift A (in or mm) shall be increased by 
the incremental factor relating to the P - A effects. 



8.4 P- A Effects 

P — A effects on storey shears and moments the resulting member forces and 
moments and the storey drifts induced by these effects are not required to be 
considered when the stability coefficient 6 , as determined by the following 
equation, is equal to or less than 0.10: 
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e = (p x A)/(v x h sx c d ) 



( 8 . 2 ) 



where 



P x = the total vertical design load above level x (kip or kN); when circulating 
the vertical design load for purpose of determining P — A, the individual 
load factors need not exceed 1.0 

A = the design storey drift occurring simultaneously with V x (in or mm) 

V x = the seismic shear force acting between level x and x— 1 (kip or kN) 
h sx = the storey height below level x (ft or m) 

Cd = the deflection amplification factor 

The stability coefficient 6 shall not exceed 9 m ax , determined as follows: 



8.5 Modal Forces, Deflection and Drifts 

The modal force F xm at each level shall be determined by the following 
equations: 



8.6 Soil-Concrete Structure Interaction Effects 
8.6.1 General 

The provisions set forth in this section may be used to incorporate the effects of 
soil-concrete structure interaction in the determination of the design earth- 
quake forces and the corresponding displacement of the building. The use of 
these provisions will decrease the design values of the base shear lateral forces 
and overturning moments but may increase the computed values of the later 
displacements and the secondary forces associated with the P - A effects. The 
procedure is given elaborately in Chap. 6. 



8.7 Equivalent Lateral Forces Procedure 

The following provisions are supplementary to those presented above. 



0 ] 



max 



0.5/OSCd) < 0.25 



(8.3) 




(8.4) 
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8.7.1 Base Shear 

To account for the effects of soil-concrete structure interaction, the base shear 
determined may be reduced to 



V= V-AV 

The reduction AV shall be computed as follows: 



AV = 




W 



(8.5) 



( 8 . 6 ) 



where 



C s = the seismic response coefficient computed using the fundamental nat- 
ural period of fixed base structure T or T a or the seismic response coeffi- 
cient computed using the fundamental natural period of flexibly sup- 
ported structure (7) 

= the fraction of critical damping for the structure-foundation system. 
A reference is made to Fig. 8.1 

W= the effective gravity load of the building which shall be taken as 0.7 
except that for buildings where the gravity load is concentrated at a single 
level, it shall be taken as equal to W. 

The reduced base shear V shall in no case be taken as less than 0.7 V. 



Fig. 8.1 Foundation 
damping factors 
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8.7.2 Effective Structural Period 



The effective period T shall be determined as follows: 



T= T 




(8.7) 



where 



T = the fundamental period of the concrete structures 
k = the stiffness of the concrete structure when fixed at the base 
h = the effective height of the structure which shall be taken as 0.7 times the 
total height 



h except that for buildings where the gravity load is effectively concentrated at a 
single level, it shall be taken as the height to that level; K y is the lateral stiffness 
of the foundation defined as the static horizontal force at the level of the 
foundation necessary to produce a unit deflection at that level, the force and 
the deflection. 

Being measured in the direction in which the structure is analysed Kq is the 
rocking stiffness of the foundation defined as the static moment necessary to 
produce a unit average rotation of the foundation, the moment and rotation 
being measured due to in the direction in which the structure is analysed, and g 
is the acceleration gravity. 

The foundation stiffness K and Kq shall be computed by established methods 
using soil properties that are compatible with the soil strain levels associated 
with the design earthquake motion. The average shear modulus G for the soils 
beneath the foundation at large strain levels and the associated shear wave 
velocity v s needed in these computations shall be determined from Table 8.3. 

\ so = the average shear wave velocity for the soils beneath the foundation at 
small strain levels (10 -3 % or less) 

Go = yv 2 S o/g = the average shear modulus for the soils beneath the founda- 
tion at small strain levels and 

y = the average unit weight of the soils 

8.7.2.1 Effective Damping 

The effective damping factor for the structure-foundation system /? shall be 
computed as follows: 




( 8 . 8 ) 
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(8.9) 



where /? 0 = the foundation damping factor as specified in Fig. 8.1. 

The value corresponding to ^4 V = 0.15 in Fig. 8.1 shall be determined by 
averaging the results obtained from the solid lines and the dashed lines. 

The quantity is a characteristic foundation length that shall be determined as 
follows: 



L 0 = the overall length of the side of the foundation in the direction being 
analysed 

A 0 = the area of the load-carrying foundation and 

7 0 = the static moment of inertia of the load-carrying foundation 

For intermediate values of h/L 0 the value of r shall be determined by linear 
interpolation 



Design calculation (US Code) 

Design Example 8.1 

A two-storey building with a mason -yy shear wall is located 10 km from the epicentre 
with an earthquake magnitude greater than 7.0. Use the following data: 

Total height = 9. 15 m ; 7? = 4.5 
Each floor = 4.0 m; soil type S D 
V g = acceleration — 304.8 m/s 

Calculate, using UBC seismic code, 

(a) Total design shear 

(b) The vertical distribution of the base shear to these two storeys 
Solution UBC^7 code 

V = base shear = a • W 
Z =0.4 R 

C a = acceleration-controlled seismic response 
coefficient = 0.44 Na 
= 0.44(1.0) = 0.44 

W= Wi + W 2 Level 11^ W 2 




( 8 . 10 ) 



For — > 1 




(8.11) 



where 
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(continued) 

Design calculation (US Code) 

Wi = 2,446 KN; W 2 Level I-» W x 
Total W = 2,446 +1,557 = 4,003 N 
V= 1,174.21 N 



=717.49 N L 2 = 456.425 N 
V (soil level) = 1,174.21 N 

The foundations shall be designed for this lateral force V= 1,174,21 



Design Calculations (US Code) 



Design Example 8.2 

A four-storey steel frame is located in seismic zone 4. Its a moment- 
resisting type and has equal storey height of 4.0 m. Anatural period 
T= 0.7 s. The load distribution and displacement are identified in 
Fig. 8.2. Determine 

(a) Design level response displacement in the third storey 

(b) Maximum inelastic response in storey 1 

(c) Drift ratio in top storey 

(d) If there is 1 8 mm movement accommodated in storey II calculate 
design level response drift. 

Solution 

= design level response(third storey) = A m — A n = 42 - 
25 mm = 17 mm 

A m = max-inelastic response displacement in storey 1 = A m = 0.7 R 
A s = 60 mm 

A m >0.20 hs^hs = storey height = 80 mm>60 mm O.K. 

Design level response storey drift in the top storey 



A 5 = A[ v — A[ j [ = 55—42 mm = 13 mm 
A sr = The storey drift ratio =0.033 

Amr = The maximum allowable design level response storey drift ratio 
for each storey 

0.02 hs 



UBC-97 



R= 8.5 
A s = first 

storey = 10 mm 

UBC-97: Sec 1627 



hs 



- = 0.20 



If the movement of 1 8 mm is accommodated, then 

A = A m = 0JRA Sn 

A sll = second-storey drift 

A 18 mm 
0.077? = 0.7(0.85) 



= 3 mm 



A n — Aj =25— 10 = 15 mm> 3 mm 
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Fig. 8.2 Four-storey 
load-displacement 




Design calculations (US Code) 



Design Example 8.3 

A 10-storey building 30.5 m high has a total estimated weight of 66.8 x 10 3 N. It 
has a location in seismic zone 4 and at a distance of 5 km from the epicentre. The 
building frame is a moment-resistant type constructed on soil type S B (UBC-97). 
Using the following data and criteria defined by UBC-97, determine the total 
design base shear following the recommended static lateral force procedure: 

C t = 0.0853; /= 1 .00; C a = 0.4 Na; C D = 0.4 N 
N a = 1.2; N v = 1.6; R = 8.5; z = 0.4 
Solution: 

V= total base shear 

where r = seismic response modification factor 
/= importance factor 
C D = seismic response coefficient 
W= seismic dead load 
T= natural period — C t (C t ) 3/4 =1.13 
C a = 0.4(1 .2) = 0.48; C v = (0.4) (1 .6) = 0.64 
V= total base shear = 4,451 N 
V= minimum base shear = 0.11 C a IW= 3,527 N 




For (zone4) = 



0.82A,./' 
R 



■ (W) = 4, 024 > 3527 N 



The total design base shear cannot be less than 4,024 N. Hence 
V= 4,451 N must be used. 

Unax = r 5 5 fll W = 9, 430.6 >4, 451 N 



R 



UBC-97 
1630.2.2 
Item 1 
Method 
A 



The design base shear is 4,45 1 N. 
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Design calculations (US Code) 

Design Example 8.4 

The horizontal stiffness of a single isolator is defined by K ii = GA, 
where G is the shear modulus of a rubber, A is the full cross-sectional 
area of the pad. And t T is the total thickness of the pad rubber. 

Assuming the diameter of the isolator = 24" and the design 
displacement is 1 1.43", calculate the value of the period T D . 

t r = 1.50" note 1 inch = 25.4 mm 

g = 38.4 ; r=0.73 s 

D d = design displacement =11 .43" 

G = 7.35 Kips/in 2 



Solution 

a — K < t > 2 — < 24 ) 2 _ 
A — 4 — 



= 425 in 



D 



Total rubber thickness = — 

t r 



11.43 

1.50 



= 7.6 



*„,Z^U.65 Kip/.„ 



T d = 2.5 



384 

735 



= 2.3 s 



Td > 3 Tfjxedbase = 3(0.7) = 2.1 



Hence 73 = 2.3>2.1 OK. 

The isolator initial parameter OK. 
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Chapter 9 

Design of Structural Elements Based on Eurocode 8 



9.1 Introduction 



This chapter covers only the requirements related to Eurocode 8. Other codes, 
for comparison, currently in existence is briefly given. Prior to the design 
calculations an emphasis is placed on the types of superstructure and structural 
systems, classifications of the seismic zones. A preference is given to the EC8 
requirements in this chapter. At the time of writing this chapter calculations 
have been attempted to design structural elements using EC8. Some relevant 
equations are given and they have been referred to while carrying out design of 
structural elements. The reader is advised to Study Chaps. 2, 4 and 5 as well and 
grab the basic methods and related calculations. 



9.2 Existing Codes 

A reference is made to Chap. 2 regarding existing codes. The following list cover 
more or less the codes followed by other countries in case the designers need a 
comparative study of seismic code requirements: 



Algeria 

Australia 

Austria 

Bulgaria 

Canada 

Chile 

China Peoples Republic of 

Colombia 

Costa Rica 

Croatia 

Cuba 

Dominican Republic 



Earthquake Resistance Regulations RPA (2002) 

Minimum Design Load on Structures AS 1 170 Part 4 (1996) 
Design Loads in Building ONoRmB4015 Part 1 (1999) 

Code for Design of Buildings and Structures in Seismic Regions 
(1996) 

National Building Code of Canada (1996) 

Code for Seismic Design of Buildings (2001) 



Similar to Yugoslavia and revised in 1999 

Provisional and Recommendations for Seismic Analysis of 
Structures (2004) 
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Ecuador 

Egypt 

El Salvador 
Ethiopia 
France 
Germany 

Ghana 

Greece 

Hungary 

India 

Indonesia 

Iran 

Israel 

Italy 

Japan 

Jordan 

Korea 

Macedonia 

Mexico 

Nepal 

New Zealand 

Nicaragua 

Norway 

Panama 

Peru 

Philippines 

Portugal 

Romania 

Russian Federation 

Slovenia 

Spain 

Switzerland 

Chinese Taiwan 

Thailand 

Turkey 

United States of America 



Manual de adise n de Esstructureas sismo. Resistentes para 
tusvs guil (2000) 

Regulations for Earthquake- Resistant Design of Buildings in 
Egypt (1996) 



NF Po6013 (AFNOR Buildings) (1997) 

German Standard Din 4144 Building in German Earthquake 
Area (2002) 

Code for the Seismic Design of Concrete Structure (1990) 

Greek code for Seismic- Resistant Structures EAK 2000 (2000) 

Dimensioning Directives for Seismic Effects, MI-04. 133-81- 
Now Eurocode 8 (2005) 

Criteria for Earthquake Design of structures, Part 1 , BIS (2002) 
IS 1893-1 (2002) 

Iranian Code for Seismic-Resistant Design of Buildings (1998) 

Design Provision for Earthquake Resistance of Structures SI 
413 (1998) 

Technical Rules for Construction in Seismic Zones (2002), Now 
Eurocode 8 (2005) 

Earthquake-Resistant Design Method for Building Part (2) 
2000 (other versions) 

Jordan Code for Loads and Forces (1990) 

Building Code for Structural Regulations (2000) 

Nepal National Building Code NBC (2004) 

General Structural Design and Design Loadings for Buildings 
NZS4203 (2004) 

Following the Eurocode 8 (2005) 



Following the Eurocode 8 (2005) 

Seismic Building Code (2000), now following the Eurocode 8 
(2005) 

Seismic Building Code 2000 
Following the Eurocode 8 (2005) 

Following the Eurocode 8 (2005) 

Standard STA 160, Action on Structures (2003), now 
Following the Eurocode 8 (2005) 

Building Code for Earthquake-Resistant Structures (2002) 

Specification for Structures to be Built in Disaster Areas (2000) 
Minimum Design Loads for Building and Structures ASCE-7 
( 2002 ) 
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Venezuela 

Yugoslavia Following the Eurocode 8 (2005) 

Eurocode 8 Design Provisions for Earthquake Resistance of Structures (2005) 

ISO 3010 International Standard Base for Design of Structures: Seismic 

Actions (2001) 

(former) Yugoslavia Code of Technical Regulations for the Design and 

Construction of Building in Seismic Regions (1981) 



9.2.1 Explanations Based on Clause 4.2.3 of EC8 Regarding 
Structural Regularity. A Reference is Made to Eurocode 8: 
Part 1 - Design of Structures for Earthquake Resistance 

Note: This brief is refered to the extended version of clause 4.2.3 of the code 

(i) Criteria for regularity in plan: 

The slenderness ratio X = L max /L min < 4 

where L max = larger dimensions in plan; L min = smaller dimensions in plan in 

order to meet the above condition: 

The total length of the building = 5 m; the width of the building = 16 m 

One has divided the total length (5 m) of the building into three separate 
independent portions, two external units of 42 m = 84 m; and the central 
unit of 21 m = 21m, thus totalling 10 m with a clear gap between the units; 4 
m has been left so that the earthquake force on each unit will not affect the 
adjacent one due to collision as explained in this text. The overall area is 
114 x 21 m. In our case, X = 42/16 = 2.65 <4. 

So, it satisfies the criteria for regularity in plan: 

(ii) Criteria for regularity in elevation: 

If the building is regular in plan, with slight deviation in central unit, it 
will satisfy the criteria for elevation in plan. 

(iii) Criteria for well-distributed and relatively rigid cladding: 

The criteria is satisfied by providing with well-distributed rigid cladding 
on the roof and vertical sides. 

9.2.2 Seismological Actions (Refer Clause 3.2 of EC8) 

The construction area is in the earthquake zone of ‘strong’ intensity which is 

equivalent to the Modified Mercalli (MM) scale between VII and VIII and 

Richer scale between 6.2 and 6.8 

Assumed: in our case, horizontal ground acceleration = O.lg 
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For most of the application of EN 1998, the hazard is described in terms of a 
single parameter, i.e. the value of the reference peak ground acceleration on 
type A ground, a g R. 

The reference peak ground acceleration, chosen by the National Authorities 
for each seismic zone, corresponds to the reference return period of the seismic 
action for the no-collapse requirement (or equivalently the reference probability 
of exceedance in 50 years) chosen by the National Authorities (see Chap. 14). 
An importance factor = 1.0 is assigned to this reference period. 

Low sensitivity is recommended 

(i) when the design ground acceleration on type A ground, a g < 0.08 g or 

(ii) when the product a g x S < 0.1 g 

In the analysis a g is the same as u g or Xg. This is convenient in the analytical 
formulation. 

The basic representation of the seismic action is given in Clause 3.2.2 using 
ground type based on Table 3.1 of EC8. 



9.3 Avoidance in the Design and Construction in Earthquake Zones: 
Contributing Factors Responsible for Collapse Conditions 

Many buildings collapse during earthquakes due to many contributing factors. 

Prior to the design of buildings, it is necessary to 

1 . Avoid soft storey ground floors : Walls existing in the upper floors are omitted in 
the ground floor but replaced by columns. This means the ground floor is soft in 
the horizontal direction. In such constructions the columns receive damage due 
to the cyclic displacements between the building upper parts and the vibrating or 
moving soil. A storey mechanism sometimes exists by the developing plastic 
hinges at the top and the bottom of columns with a large concentration of 
plastic deformations at their ends. Hence the collapse inevitably occurs. 

2. Avoid soft storey upper floors : Once the lateral bracing is weakened, omitted 
altogether or the horizontal resistance is substantially reduced above a particular 
floor, a dangerous sway mechanism occurs and hence the collapse is inevitable. 

3. Avoid a symmetric bracing : When the centre of the building mass and the centre 
of resistance do not coincide, definitely twist occurs. This develops torsion in the 
horizontal plane about the centre of the stiffness. Great relative displacement 
occurs between the bottom and top of the columns in particular, by keeping 
them far apart from the centre of stiffness. Failure normally occurs. 

4. Avoid bracing offsets : Horizontal bracing offsets in-plane at the bottom plan 
or out-of-plane at the top plan do cause position of the bracing changes from 
one storey to another, thereby developing bending moments and shear 
forces. They, in the case of being continuous, definitely reduce seismic 
resistance. Bracing offsets must be avoided. 
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5. Avoid columns and masonry walls mixed system : Mixed system of concrete 
steel column walls is unfavourable because 

(a) Columns with slabs and beams develop frames with small horizontal 
stiffness than masonry wall. 

(b) Failure of masonry wall due to seismic actions or deflection will be 
unable to carry gravity loads and inertia loads. 

The collapse is inevitable. 

6. Avoid bracing of frames with masonry infills : The frames structure is relatively 
flexible and somewhat ductile. However, the unreinforced masonry is stiff 
and fragile. The two in combination will cause a damage scenario under the 
effect of small deformations. 

The combination of these two different incompatible construction does 
perform poorly. The masonry fails due to the shear or sliding diagonal cracks 
that develop which indicates seismic failures. The framed structure will have 
totally different performance as stated earlier. The failure is imminent. 

7. Avoid short columns : Shear is a problem in short columns. Shear failure 
occurs reaching plastic moment capacity. Short columns are to be avoided. 

8. Avoid partially filled frames : The infill of parapet walls into a frame structure 
without the addition of joints can cause shear failure like a short column. A 
sway mechanism and P - A effect can occur when sufficient shear strength exists. 

9.4 Superstructure and Structural Systems 

9.4.1 Regularity 

To offer a better resistance to earthquakes, the constructions should preferably 
have simple forms on the one hand and a distribution of the masses and 
rigidities as regular as possible in the plan and in elevation on the other hand. 

9.4.2 Structural Systems 

In general, the constructions should have lateral load-resisting system at least in 
two horizontal directions. These systems should be arranged in order to 

- take up sufficient vertical load enough to ensure their stability. 

- ensure a direct transmission of the forces to the foundations. 

- minimize the torsion action effects. 

The lateral load-resisting systems should have a regular configuration and form 
a continuous and coherent structural system as monolithic as possible. On the 
other hand, this system should be sufficiently redundant in order to ensure an 
important margin between the elastic limit and the rupture threshold of the 
structure. 
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A Particular attention should be given to the design and execution of all the 
connections, keeping in mind the effects of any failure at this level on behaviour 
of the structure. 



9.4.2.1 Reinforced Concrete Structures/Buildings 

(a) Moment-resisting space frames without rigid masonry infill walls 

The concerned buildings should not exceed seven storeys or 23 m in 
height in zone I low seismicity; six storeys or 20 m in height in zone II 
moderate seismicity; two storeys or 8 m in height in zone III high seismicity. 

(b) Moment-resisting space frames with rigid masonry infill walls 

Here the structure is composed uniquely of the frames capable of carry- 
ing all forces due to the vertical and horizontal loads. The fill thickness shall 
not exceed without loading 10 cm except for the exterior masonry infill 
panels or for separating walls between two premises where a second wall of 
5 cm is accepted on the interior side. 

The concerned building shall not exceed six storeys or 20 m height in 
zones I and II and two storeys or 18 m in height in zone III. 

(c) Structural lateral load-resistant system composed of vertical load-carrying 
shear walls in reinforced concrete. 

They are walls and wall cum frames. The lateral case will have walls carrying 
more than 20% vertical loads. The lateral loads are carried by the walls alone. 

(d) RC building entirely braced by RC core 

Here the building is completely braced by the RC rigid core which carries 
all horizontal loads. 

(e) Dual bracing systems composed of walls and frames with justification frame 
wall interaction. 

(i) Here the shear walls carry less than 20% of vertical loads. 

(ii) The horizontal loads are jointly carried by the shear walls and the 
frames. 

(iii) The frames resist less than 25% of the storey shear in addition to 
forces due to vertical loads. 

(f) Moment-resisting frames system braced by RC shear walls. In this case the 
shear walls carry less than 20% of vertical loads plus total forces due to 
horizontal loads. 

The buildings are limited to 10 storeys or 33 m maximum height. In zone III, 

the frames shall have the capacity to resist not less than 25% of the storey shear 

force due to the vertical loads. 

Steel Structure or Buildings 

(a) Structures or buildings braced with ordinary moment resisting the height of 
all the buildings does not exceed five storeys or 17 m in height. 
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(b) Ductile moment-resisting space frame systems. They alone resist the total 
horizontal loads. 

(c) Structures or buildings braced by concentric braced frames. 

The height of the building in this case is limited to five storeys or 17 m in 
height. 

The complete structure carries total vertical load. 

The moment-resisting space frames alone resist the total horizontal loads. 

(d) Structures or buildings braced by the X-braced frame: 

In this system of a braced node, the axis of the diagonal, the beam and 
the column are convergent to one point located in the centre of the node. In 
this type of frame only those diagonals which are in tension contribute to 
the resistance and the dissipative behaviour. 

(e) Structures or buildings with Y-braced frames 

Here the beams of each braced frame are continuous and the point of the 
intersection of the diagonal axis of the braced frame is located on the axis of 
the beam. The resistance and the capacity of dissipation are provided by the 
joint participation of both the in-tension and in-compression diagonals. 

(f) The moment-resisting frames and the braced frames should be designed 
to resist horizontal loads according to their relative rigidities considering the 
interaction at all levels. The ductile moment-resisting frames should have 
the capacity to alone resist not less than 25% of the global horizontal loads. 

(g) Structural system braced with ductile frames and X-braced frames 

In this system, the dual bracing system is a combination of ductile 
moment-resisting space frames and concentric V-braced frames. 

(h) Vertical cantilever frame system 

This category of structure with small degree of redundancy concerns 
essentially classical one-storey frames with rigid transversal beam and 
slender structure (tube) type where the resistant structural elements are 
essentially the columns located on the periphery of the structure. 

These particular structures have a dissipative behaviour located uniquely 
at the ends of the columns. 

(i) Steel frame structure braced by diaphragm 

These structures resist the seismic actions by the diaphragm effect of 
vertical element (walls) and horizontal element (floors). The level of dissi- 
pative behaviour of these structures depends on the capacity of ductile shear 
resistance of these walls and floors that can be achieved with various 
materials and technologies (cold-formed ribbed sheet, reinforced masonry 
wall, plain concrete or reinforced concrete wall, etc. 

The walls should be fixed to the steel frame in order to consider the 
connections as rigid. 

(j) Steel frame structure braced by reinforced concrete core 

Same definition as for reinforced concrete frames structural system. 

(k) Steel frame structure braced by reinforced concrete shear walls 

Same definition as for reinforced concrete frames structural system. 
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(l) Steel framed structure braced with dual system composed of a reinforced 
concrete core and braced steel frames and/or steel moment-resisting frames 
in periphery. 

(m) System including transparencies (soft storeys) 

The most illustrative examples are given by the reception levels or 
lobbies of hotel (rare separation walls or storey height more important 
than for the current storeys) or absence of separation walls at some storeys 
for some special reasons (commended to make all the arrangement for 
mitigating the unfavourable predictable effects). 

9.5 Response Spectra Based on EU Code 8 

The response spectrum (elastic) is given in Fig. 9.1. The expression for the 
design spectrum SJJ) normalized by the acceleration of gravity “g” can be 
defined by the following expression: 




(9.1) 



T b <T< T c : Sd(T) =oc .S.^ 



(9.2) 




(9.3) 
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Fig. 9.1 Response spectra 
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T D <T:S d (T) 



><* S f. 



kd , 



> [0, 20]. ex 



T d 

T 



kdz 



(9.4) 



Note Sometimes S e (T) is written for the elastic spectrum instead of Sd(T) in 
(9.1), (9.2), (9.3) and (9.4) 

The behaviour factor q is an approximation of the ratio of the seismic forces 
experienced by the completely elastic structure with 5% viscous damping. 

Three types of soil profiles are defined: A, B, C, ordered with decreasing 
overall stiffness; from profile A - C there is a shift of the corner period towards 
higher values, while the maximum amplification is essentially unaffected, with 
only a 10% reduction foreseen for subsoil class C. 

The values suggested in EC8 for the parameters defining the elastic response 
spectrum are given in Table 9.1. 



Table 9.1 Parameters of elastic response spectrum (code Table 2.3.1) 



Soil class 


S 


A> 


Ki 


K 2 


T b 


Tc 


T d 


A 


1.0 


2.5 


1.0 


2.0 


0.10 


0.40 


3.0 


B 


1.0 


2.5 


1.0 


2.0 


0.15 


0.60 


3.0 


C 


0.9 


2.5 


1.0 


2.0 


0.20 


0.80 


3.0 



The correction factor for damping is given by the expression of the code 
equation (2.3.2). 

r] = (r/2+f f > 0.7 (9.5) 

The rotational response spectrum about the axis i has the form of code 
equation (2.3.3) which is 

4 = L/MT)} (9.6) 

S e (T) is site dependent; the expression c is the S-wave velocity. 

The peak ground displacement d g is given by 

d g= [ 0, 05 ].a g .s.T c .T D (9.7) 

With the values of a g , s, T c , T D as defined, where 

Sd(T ) ordinate of the design spectrum, which is normalized by g 

oc ratio of the design ground acceleration a g to the acceleration of 

gravity 

(oc= a g /g) (9.1a) 

q behaviour factor 

Kd \ , kd z exponents which influence the shape of the design spectrum for a 
vibration period greater than T c , T D , respectively. Values of the parameters 
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Table 9.2 Values of kji and kdi 



Subsoil class 


Kn 


K d2 


A 


(2/3) 


(5/3) 


B 


(2/3) 


(5/3) 


C 


(2/3) 


(5/3) 



B 0 .T b T c .T d S are given earlier. The values of the parameters K d i,k dz are given 
in Table 4.2 of the code, given as Table 9.2. 

The design spectrum as defined above is not sufficient for the design of 
structure with base-isolation or energy-dissipation systems. 

The comparative equations for normalized spectral acceleration are 

(a) Elastic spectrum: 



cigsN 

(b) Inelastic spectrum versus time T 

Sd_ 

a 2 s 



(9.8) 



(9.9) 



9.5.1 The Behaviour Factor q 

Table 9.3 (code Table 2.3.2) gives the factor q for RC, steel piers or columns, 
abutments and arches. 

Two further cases for possible reduction value of q have to be consid- 
ered. One is related to the amount of design normalized axial force 

qk = N / Ak * fck- 

When r\k exceeds 0.3 (it must not be >0.6) q is linearly reduced to 1 for 
rjk = 0.6. 

The second depends on the intended location of plastic hinges being acces- 
sible for inspection and repair or not. In the later case the ^-values are divided 
by a factor of 1.4. 

For pile foundations where accessibility is questionable at best, a q- 
value of 2.5 is given (1.5 for inclined piles), provided the piles are detailed 
for ductility. 

For the combination of modal maxima, both SRSS and CQC rules are given 
with respective range of applicability. The maximum action effects can be 
evaluated as 



E=^El^El^El) 



(9.10) 
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Table 9.3 Maximum values of behaviour factor q (code Table 2.3.2) 



Ductile elements 


Seismic behaviour 
Limited ductile 


Ductile 


Reinforced concrete piers 


Vertical in bending (a* > 3.5) 


1.5 


3.5 


Squat ( a s = 1.0) 


1.0 


1.0 


Inclined struts in bending 


1.2 


2.0 


Steel piers 


Vertical in bending 


1.5 


3.5 


Inclined struts in bending 


1.2 


2.0 


with normal bracing 


1.5 


2.5 


with eccentric bracing 




3.5 


Abutments 


1.0 


1.0 


Arches 


1.2 


2.0 



*a a = H/L is the aspect ratio of the column for 1.0<^<3.5. The 
^-factor may be obtained by linear interpolation 



9.6 Seismic Design Philosophy of Building Frames Using 
Eurocode 8 

9.6.1 General Introduction 

This section examines procedures recommended in Eurocode 8 in the seismic 
design of steel-framed buildings. Buildings maybe designed according to EC8 
based on non-dissipative and dissipative behaviour. The non-dissipative design 
implies “elastic response” and is normally limited to areas of low seismicity. The 
dissipative lateral forces result from an idealized responsive spectrum. This 
requirement for ductility uses capacity design approaches. 

Two fundamental seismic design levels are considered in EC8 namely “no 
collapse” and “damage limitation” which essentially refer to ultimate and 
serviceability states, respectively. No collapse corresponds to seismic action 
based on a recommended probability of exceedance of 10% in 50 years, or 
return period of 475 years, whilst damage limitation relates to a recommended 
probability of 10% in 10 years, or return period of 95 years. 

For ultimate limit design in elastic performance is incorporated through the 
value of q to obtain an acceleration design spectrum Sj, in order to avoid 
inelastic or non-linear analysis, linear spectral accelerations are generally 
divided by q , excepting some modification for T<T^ to account for inherent 
properties, to reduce the design forces. 

The shape of inelastic design spectrum for various values of “q” can be 
plotted. The difference between the elastic spectrum and inelastic spectrum 
for various values of behaviour factor “q” is identified. In the absence of 
detailed evaluation, the following values are recommended: 
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(a) For DCM (ductile class medium - value of q = 4, moment frame: 

5 oc u / , . N 

(multistorey) = 1.3 



oc 1 



(9.11) 



(b) For DCH (ductile class high - value of ^ ^ U , moment frame (9.12) 

oc 1 

oc u 

Single portal frame = — - —1.1, moment frame 

oc 1 

oc u 

Single - span multistorey frame — - = 1.2, moment frame (9.13) 

(c) In case of DCM <1.6 

oc 1 

(d) For cross-sections in dissipative zones 



DCM (1.5 <q < 2.0) = class I, II or III 
}DCH = 4.0 

DCM(2.0<# < 4.0) = class I. II 
DCH(g>4.0) = class I }DCM = 4.0 



(9.14) 

(9.15) 

(9.16) 



According to Sect 6.13 EN 1998-1:2004, the value of ( M E d,col ), the design 
moment for columns of the frames, can be calculated from 



M Ed col = Msd, G + \ Ay ov {lM E dE 



(9.17) 



where 



M Ed , G = gravity loads or actions causing bending moment 
M Ed E = lateral earthquake pressure forces casing bending moments 
y ov = the material overstrength factor, i.e. ratio of the actual to design yield 
strength of steel 1.25 

The value of 1.1 in (9.17) takes into account strain rate and strain hardening 
effects, the parameter Q, the beam overstrength factor at any zone is given by 

a,=-gz-m 

M Ed i 



where 



M E d l = design in the beam part of beam i 
M pi Rd.i = corresponding plastic moment capacity 

In reality, the gravity moments ( M E a : g ) remain constant and only the lateral 
seismic moments (. M EAjE ) are magnified with more severe events. Consequently, 
a more accurate definition for Q should take the form 
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f^mod.z — 



M pi- M E A. G.i 
MecLEa. 



Mpj'Rd.i — M Ed. G.i 
M Edi — M Ed. G.i 



(9.18) 



In addition to the design moments from (9.1) columns should be checked for 
co-existing axial and shear forces similarly obtained from 



N Ed. col ~ N E d.G+ 1 • 1 yoV^^EAE (9-19) 



V Ed, col = V Ed.G+ 1 • 1 yoV^^EAE (9.20) 



where “ Q” is defined before (i.e. based on the beam flexural over strength). 

The redistribution factor gy, shall be incorporated into the column equation 
leased on the frame redistribution capabilities. When the columns are braced, 
capacity designing requirements axial load ( N\{Ed.m )) should be determined 
from 



NEd.m = N Ed. G+ 1 • 1 7<9F^NeaE (9-21) 

where NEd.G and Neae are axial forces due to gravity loads and lateral seismic 
forces, respectively, for the beam or column member under consideration. 
Within the seismic design situation, N E d.G results from gravity action only whilst 
Neae is due to lateral earthquake loads. For braced frames, “Q” is a braced 
overstrength determined as minimum over all the braces, of 

Q = (9.22) 

NecU 

where N E d.i and N pLR d.i are the design axial force and plastic capacity, respec- 
tively, for brace “z”. Beams and columns should then be checked for buckling or 
yielding based on N E d.m considering interaction effects from any co-existing 
moment {Me a) in the seismic condition. 

The relative bending stiffness of columns in proposition to the lateral stiff- 
ness of tension braces at the lowest storey by f} is given as 



y L c 

L d EI c 

Zj^cos</) L 3 c cos(/)ZAd 



(9.23) 



where A d and L d are the area and length of the diagonal braces, respectively; I c 
and L c are second moment of area and height of columns, respectively; 0 is the 
angle between the diagonal and horizontal projections. The simplified version 
of (9.23) applies if Ld , L c and 0 are constant. 

The relationship between ( fL) and the normalized ductility demand (/i r ) can 
be defined as 
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[i r 



r. max^ 

Atop 



(9.23a) 



where d r , m ax is the maximum interstorey drift within the fame, ‘n’ is the number 
of storeys and A top is the drift at the frame top. 



9.7 Load Combinations and Strength Verification 

The seismic load combinations required by Eurocode 8 can be summarized as 
follows. 

In Eurocode 8, the “design action effect” (i.e. the ultimate load) is taken as 
due to the unfactored combination of dead plus earthquake loads, plus a 
reduced amount of variable loads, such as live or snow loads. Wind loads are 
never included with the seismic loads: that is, \)j 2 is always taken zero for wind 
loads. Using Eurocode notation, this is expressed as 

Ed = ^2 Gkj + A Ed + Ei// ai Qkj 24) 

Design action effect Dead Earthquake Reduced variable load 



9.7.1 Design Strength 

The material safety factors y M as defined in EC2, EC3 and EC4 for fundamental 
load combination shall also be used for strength verification under seismic load 
combinations and capacity design effect. 

Note: The material safety factors are repeated here for ease of reference 



Reinforced concrete 

Concrete y c = [1.5] 

Reinforcing steel y s = [1.15] 

Structural steel y MO = [1.1] 

Plastic resistance of cross-section y ml = [1.1] 

Resistance of net section at bolt holes y m2 = [1.25] 

Bolts, rivets, pins, welds, slip y m = [1.25] 



9.7.2 Capacity Design Effects: Method Stated in the Eurocode-8 

(1) For structures of ductile behaviour, capacity, design effects (F c ) shall be 
calculated by analysing the intended flexural mechanism actions and a level of 
seismic action at which all intended flexural hinges have developed bending 
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moment equal to an appropriate upper fractile of their flexural resistance, called 
moment over strength M 0 . 

(2) The moment overstrength of section shall be calculated as 

M 0 = y 0 + M Rd (9.25) 



where 



y Q is the value overstrength factor 

M R( i is the design flexural strength of the section, in the selected direction and 
sense, based on the actual section geometry and reinforcement configura- 
tion ( y m values for fundamental load combinations). In demanding M Rd , 
the interaction with the axial force and eventually with the bending 
moment in the other direction, both resulting from the combination of 
permanent actions (gravity loads and prestressing) and the design seismic 
action in the same direction and sense, shall be considered. 

(3) P The value of the overstrength factor shall be taken in general as 

y G = 0.7 + 0.2 q (9.26) 

where q is the relevant behaviour factor. 

In the case of reinforced concrete sections, with special confining rein- 
forcement according to clause 6.2.1 of the code in which the value of the 
normalized axial force 



_ N Ed 
nk Acf ck 



(9.27) 



exceeds 0.1, the value of overstrength factor shall be increased to 



y 0 



1 



0.1) 2 (0.7 



0.2 q) 



(9.28) 



where 

N E d is the value of the axial force at the plastic hinge corresponding to the 
design seismic combination, which is positive if compressive 

A c is the area of section and 

fck is the characteristic concrete strength. 



(4) Within members containing plastic hinge(s), the capacity design bending 
moment, M c , at the vicinity of the hinge shall not be assumed greater than the 
relevant design flexural resistance M Rd of the hinge assesses according to clause 
5.6.3. 1. 
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9.7.3 Design Provisions for Earthquake Resistance of Structures 



The elastic spectrum is made up of four portions: increasing response accelera- 
tion, constant response acceleration, constant response velocity and constant 
response displacement, separated by the values of three “corner” periods. The 
four branches are given by the following expression: 



0 < T < T b : 
T b <T<T c : 
T c <T <T d : 

T C <T: 



S e (T ) = a g .S 

S e (T) = a g.S nfo 

S e (T) = a g S r,f a 
S e (T)=a g S r,f 0 






-\K 1 



'T c ' 


K\ 


~t d 


[Td\ 




T 



-| k 2 



(9.29) 

(9.30) 

(9.31) 

(9.32) 



where T is the vibration period of a linear single-degree-of-freedom system 

S e ( T) is the ordinate of the elastic spectrum 

a g is the design value of effective peak ground acceleration 

P 0 is the spectral amplification factor for damping ratio 5% 

S is a factor depending on the soil class 

f] is the correction factor for damping values different from 5% 

K x .K 2 exponents of descending branches for spectrum 
Tb,Tc limits of the constant spectral acceleration 

T D value defining the beginning of constant displacement range of the 

spectrum 

Note: The M Rc j curve shown in Fig. 9.2 corresponds to a pier with variable 
cross-section (increasing downwards). In case of constant cross-section M Rc i is 
also constant. 



DECK MrcI 7o^Rd 
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(5) Capacity design effects shall be calculated in general for each sense of the 
seismic action in both the longitudinal and transverse directions. A relevant 
procedure and simplifications are given in Annex G. 



9.7.4 Second-Order Effects 

In case of linear analysis, second-order effects may be estimated using 
displacement: 



d E = 0.5(1 + q)d Ee (9.33) 

where q is the behaviour factor and d Ee are the seismic displacement obtained 
from the first-order elastic analysis. 



9.7.5 Resistance Verification of Concrete Sections 

(a) Design effects 

(1) When the resistance of a section depends significantly on the interaction 
of more than one action effects (e.g. bending moments and axial force) it 
is sufficient that the ultimate limit state conditions, given in the respec- 
tive clauses, are satisfied separately by the extreme (max or min) value of 
each action, taking into account the interaction with the coincidental 
accompanying values of the other actions. 

(b) Structure of limit ductile behaviour 

(1) P 

y ) E d < R d (9.34) 

where 

E d is the design action effect under the seismic load combination 
including second-order effects and 

R d is the design resistance of the section. 

(2) (P) In regions of moderate to high seismicity {a\g > [0.10g]) the shear 
resistance of potential plastic hinges shall be verified according to 5. 6. 3. 4. 

(c) Structures of ductile behaviour 
Flexural resistance of sections of plastic hinges 

^ M Ed < M Rd (9.34a) 

where 

M Ed is the design moment under the seismic load combination, 
including second-order effects and 
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M Rd is the design flexural resistance of the section, taking into 
account the interaction of the accompanying design effects 
(axial force and eventually the bending moment in the other 
direction). 

(2) P The longitudinal reinforcement of the member containing the hinge 
shall remain constant and fully active at least over the length l h indicated 
in Fig. 9.2. 

(d) Flexural resistance outside the region of plastic hinges 

(1) M c < M Rd (9.35) 

where 

M c is the capacity design moment as defined in Clause 5.3 and 
M Rd is the design resistance of the section, taking into account the 
interaction of the corresponding design effects (axial force and 
eventually the bending moment in the other direction). 

(e) Shear resistance of elements outside the region of plastic hinges 

(1) Verification of web diagonal compression 

V c < V Rdz (9.36) 

(2) Verification of shear reinforcement 

V c < V cd + V wd (9.37) 

where V c is the shear force resulting from capacity design as per Clause 5.3. 
Design shear resistance shall be calculated according to EC2 part 1 

V Rdz 

Vcd = V Rd i 

C wd 

Note: Formulae are repeated here, in concise form, to facilitate cross-reference 
VRdz = 0.5vf c db w 0.9d with v = 0.7 - ^ > 0.5 (9.38) 

V cd = V Rd\ = [x Rd k{\2 - 40 Pl ) + 0.\5a cp ]b w d (9.39) 



where 

iRd = 0 . 035/2 

ckd> 

k= 1.6- d> 1 
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>0.02 is the ratio of longitudinal tension reinforcement 

is the average normal stress under the design seismic effects, 
and d is the depth of the section in metres 

V wd ={^j0.9dfy W d (9.39a) 

where 

A sw and s are the area and spacing of the stirrups, respectively, 
f yw d is the design yield strength of the shear reinforcement and 
b w is the width of the web of the section. 

(e) Shear resistance of plastic hinges 

(1) Verification of diagonal compression 

Vc<V R de (9.40) 

where 

V R de is the shear resistance corresponding to the compressive con- 
crete strength after degradation 

= 0 215vf ck b wc d c (9.40a) 

where 

v = 0.7 -f ck / 200 > 0.5 and (9.41) 

b mc and d c are confined web width and depth of the section, respectively. 

(2) Verification of shear reinforcement 

V c < V cde + V wd (9.42) 

where V c d e is the contribution of the concrete after degradation and is equal to 

V cde 0 if r] k < 0.1 (a) 

Vcde = 2.5TR d b wc d c for Tj k ^>0\ (Z?) (9.43) 

with *k = ig£ W 

V wd is the contribution of reinforcement calculated according to 
5.6.33 (2) of the code 

N c is the design axial force and is positive if compressive and 
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A C c is the confined (core) concrete area of the section. 

(3) In circular sections the effective shear area b wc , d c may be assumed equal 
to the confined concrete area nD A sp and d c may be assumed equal to D sp 
where D sp is the spiral diameter. 

(4) Verification of sliding shear 

y c < A v fyd + min NecI (9.44) 

where A v \s the total distributed longitudinal reinforcement with a 
design and strength f yd . 

(5) The above verification (9.44) is not applicable in squat wall-type ele- 
ments with shear ratio <x s =j^ < 2.0 for such cases, which are quite rare 
in bridges; the relevant provisions of EC8/Part 1.3 shall be applied. 



Design Calculations 

Q.9. 1 Design of RC Columns Based on Eurocode 8 1 . 1-3.2 

Data: 

H— column height = 4 m 

Square cross-section = 1,300 XI, 300 (mm) 

Weight on column from superstructure = 4,000 kN 
Subsoil class = A (based on (EC8) assumed 
Acceleration = U = a g = 400 gal 
Strength of concrete = f c k = 24 N/mm 2 ; 

concrete strain = 0.0035 
Strength of reinforcement = f y k = 35 N/mm 2 
Young’s modulus = Ec = 25 N/mm 2 
Cross-sectional area = A = 1 .69 m 2 
Diameter of longitudinal bars = T25 (A s = 491 mm 2 ) 




y c = concrete material factor = 1.50 
y c = reinforcement material factor = 1.15 

from yield and ultimate moments and the values of M u and M Y are given as Clause EC8/2 

Annex C2 

M y = 17,880 kNm; </> 7 =0.00140/m 
M u = 23,210 kNm: M u = 0.00556/m 
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I un = _ 0.2380 m 4 

t My 

lcr ~ p^)=^x(10 6 x 0.0014)“ 1 =0.510m 4 

T = fundamental period: 7 e ff — 0.08 x I un + I cr = 0.529m 4 

K for column = 3 = fo 25xl ft 3 6 *°- 52 2 = 619,922 (kN/m) 

M= W u + 0.5 W p = 4, 000 + 0.5(4 x 1.69 x 25) 

= 4, 000 + 84.4 = 4, 084.4 

r r _ ln / M/g 

1 — V K 

\/^i^ = 0- 1 62 9 «0. 16 3 

Design spectrum analysis with soil condition A 

0<T<T b S e (T) = a g .s[ 1 +X(^ 0 - 1 )] 



Design Calculations 

a g = 400 x 1.3 = 520 gal; a = ^ = f|| = 0.531 EC B/2 -4.1.6 

S = 1.0; /? 0 = 2.5 K it = \ 

Table 4.1, q is fixed as 3.5 for height = 4.0 m and the length is 1.3, so EC 8/2-4. 2. 1.4 

^ « 3.077 < 3.50 
T b = 0.40^, T= 0.163^ 

S e (T) = 0.6915>0.20 x 0.106 
S e ( T) is fixed as 0.69 

Verification of flexural resistance at the base of the column ( the plastic hinge 
region ) 

MA = the applied moment at the base of the column 
= |4,000 x 4(4 2 } 1 ( o 9 6 3 ) 5)4 = 1 1, 273 kNm 
The maximum elastic displacement at the top of the column 
^elastic = 0.5 (1 + q) d Ee = 0.5(1 + 3.6) x 0.018 = 0.0414m 
Am, the additional moment (second-order effect) 

4, 000 d E = 4, 000 x 0.0414 = 165.6 kNm 

Mat = the total applied moment = Ma + A M = 16, 413.6 KNM 
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M y <17, 880 OK 



Calculation for the length of plastic 



EC 8/2. 6. 2. 1.4 



rj k = normalized axial force 
Ac = 1.69 m , 2 f c k = 25 Nmnr 



Nsd = 4,000+ (1.69 x 4 x 25) 



N Ed = 4000 + (1.69x4x25) 



EC 8/2. 6. 2. 1.4 



N Ed /(A c f ck ) 




= 4, 169 kN 



0.0987C0.1 
rj k = 0.0987 « 0.0988 

The length of the plastic hinge is larger if one of the following: 

(a) The depth of the column = 1.3 m 

(b) The distance from the point of maximum moment where the moments 
is reduced by 20% 

= 4x0.2 = 0.8m 

The depth is kept as 1.3 m 

Verification of the shear resistance in the plastic hinge region EC8/2.5.6.3.4 

The shear force resulting from The Capacity Design EC8/2.5.3 

Since rj k < 0. 1 , y 0 = 0.7 + 0.2q 
0.7 + 0.2 x 0.5 = 1.4 

V c = applied shear force in the capacity design effects 
y 0 V= 4 (4, 000 + 1 .69 x 4 X 25) x 0.69 = 4027.25 kN 



EC. 5. 6. 3. 4(1) 



For diagonal compression 



V Rde = 0.275 VFcKb wc d c 



0.275(0.4 



24 - 

200 ' 



j) 24 x 1, 150 x 1,150 = 5, 061.4>4, 072.25 = V c OK 
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Design Calculations 

For transverse reinforcement 2 Legs. T16 

(0 = 15.9mm A s = 201 mm 2 ) are provided in the horizontal plane with 
vertical spacing 150 mm, i.e. 2LT16-150 

EC. 5. 6. 3.4(2) 

The shear resistance corresponding to the yield of shear reinforcement 

v cde + V wd = 0 + [lf\0.9dfy wd 

= 0+ (201 x^)0.9 x 1150 



= (f£) = 3,450 kN 



EC8/2.6.2.1.3 



Minimum amount of confining reinforcement in plastic hinge region 
The transverse reinforcement ratio p w is given by 



p w = A sw /s.b where A sw = total area of ties in one direction 

Confinement = 201 x 12 = 2,412 mm 2 



2,412 

— 150x1,150 

= 0.01398 



u , 7 Pwfyd 

Wwd ~ fed 



0.01398 x 300/16 
= 0.262 



fyd =fyk/y 

345/1.15 



= 300 



w wd ,r> 1.74^(0.0093^ + 0.17)^ 
w w d-r = 0.0914 — 0.07 > w w 

A c = 1.69m , 2 A cc = 1.3225 m, 2 n c = 13 



fcd= f f 

24/241.501.50 
= 16 



EC8/2-6.2.1 



EC8/2-6.2.1.3 



The corresponding w w d is 0.1 66>w w d,r = 0.01914 

The bar diameter for transverse reinforcement is decreased to 

T10 ([(x4]^ = 126.7mm 2 ) instead ofT16 [(^ = 201mm 2 ) 
w w d decreases to 0.106 and greater than w w d.dr , hence it can be used. 
Requirement for bucking of longitudinal reinforcement to prevent bucking 
in the plastic region 

A t /S = 4J ; ,/1.6/^mm 2 /m A t = area of one tie leg 



T^Twice cross-sectional area 



(A s = 419 mm 2 ) 

Hence A t /S = 614mm 2 /m;5 = 0.15m 



A s = sum of the area by one tie 
leg of the longitudinal 
bars of longitudinal T-25 
bars (mm 2 ) 
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Sheet No. 9.4 

Design Calculations Code Clause 

A t > 120.5 mm 2 f ys = yield of longitudinal bars EC8/2-5.6.3.3(l) 

fy t = yield of tie 

For diagonal compression 

V R ,d, 2 = 0.5$ f cd b w 0.9d 

= 6, 243 > V c = 4,265 

The shear resistance corresponding to the yield shear reinforcement can EC8/2-5.6.3.3(2) 
be obtained as 

V cd + V wd — [tRdk( 1-2 + 40 Pi) + 0.15 S cp \b w d 
2 0 291N 

T Rd = 0.035/1 = ~-.k = 1.6dcms > 1, take k = 1 

CK mm Z 

d = 1.1m — A s \/b w d = 0.01707 

2 367 N 

5 = Ned /A c = 4, 000 x 10 2 /1, 300 x 1, 300 = ^ 

mm 2 

V cd = [0.291 x 1(1.2 + 40 x 0.01707) +0.15 x 2.367 x 1,300 x 1,100] 

0 = 126.84 x 10 4 kN 
Vwd = {A sw /S)0.9dfy wd = 3,968 kN 
Shear resistance = V cd + V wd = 496.64 x 10 5 kN >Vc = 4, 027.25 kN 

Shear resistance outside the plastic = 4, 027.25 kN hinge region is 
satisfied. 
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Detailing of overlapping hooks 
for general section 




1 3 T25-1 00 2 layers on each side 
(design required 1025-100) 



2 layer 
1 0T25-1 00 




























Detailing of overlapping hooks 
for plastic hinge section 



Case (a) 

H = 7m; a g = 400 gal 
H = 4m; a g = 400 gal 
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Design Calculations 
Q.9.2 

Problem 9.2 One-storey frame made in concrete has four numbers of columns each having 
a rectangular cross-section 700 mm by 600 mm as shown in Fig. 9.3. 



12 m 




0.6 m 

Fig. 9.3 One-storey frame under earthquake 

E = 3.2 x 10 7 kN/m 2 . The design response spectrum parameters are given below: 
a = 0.4; S=l,q = 3.5; f3 0 = 2.5; 7 = 1; T B = 0.15; T c = 0.45; T D = 3.05 
Showing the frame is subjected to the design earthquake using EC8, calculate 

(a) fundamental vibration of this frame in the X, Y, Z directions; 

(b) equivalent forces F x , F V F Z induced in the frame (static); 

(c) the inelastic deflection and check that the deflections in (c) meet the serviceability limit 
state 

Solution 

(a)7’=^ = 2 7I yM/K 
W = 25 x 12 x 8 = 2, 400 kN 
M= = 244.64 8(kg./s 2 m) 

M= = 244.648 (kg.s 2 /m) 

= I x = b -£ ; h = 0.01715 m 4 ; I Y = 0.0126 m 4 

K x = 4 (12 EI y /L 3 ) = 0.3024 x 10 4 kN/m 
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Design Calculations 
Note: 

L = 4m 

A = 0.6 x 0.7 = 0.42 m 2 K Y = 4(^) = 0.416 x 10 6 kN/m 



K z = *-jr = 4 r?2x10*x0.42l = 13 44 x 10 6 kN y m 

T x = ^= = 0.01787 i 



(b) F z 
F = ma 

F x = MS d T x (i) a = S d (t)g 

S d {Tx)=^Y L g 0.1<0.1787<0.4 

°- 4xlx2 - 5 g = 0.286.39 g 
From 

F x = 244.648 x 0.286 x 9.81 = 686.39 kN 
F y = 656.399 kN 

F z = MS d (T z ) x 0.7 g, T z = 0.0268 < 0.15 s 



0 <T<T b 
0 < 0.268 < 0.1 

S li (0.268)=a,[l+^(&-l)] 

= 0.4[l+2^f(|f- 1)] =0.324 
F~ = 244.648 x 0.3241 x 0.7 x 9.81 = 544.409 kN 

dx p — F _ 686.399 _ 9 ?675 x 1 0 -3 m 
ax.e — Kx — 0.3024X10 6 — z - zo/:? x iU m 



dx = dxe(q) = 7.936 x 10 3 m 
d f <^] dr = 0.016 
dx<dr 

7.936 x 10 _3 m<0.016m OK 

Note: The individual column checking procedure as given in Example 9. 1 shall be carried 
out. This is not given in this solution owing to lack of space for repetitive work. 




reduction factor = 0.1 



(c) 
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Design Calculations 
Q.9.3 

Problem 9.3 The frame in Fig. 9.4 is now modified by providing two additional columns 
pinned at the ground level and increasing the horizontal span to 14 m with 6 m width as 
shown in the figure. The frame is loaded with 5.2 KN/m 2 Each column has a cross-section 
0.75 m x 0.65 m. Determine 

(i) the natural periods vibration in X, Y, Z directions based on EC8 

(ii) the static equivalent forces F x ; F>; F z induced in the frame based on the rules 
provided by EC8 

(III) The inelastic deflection dx.dy caused by the EC8 earthquake defined by the 
following parameters of the design response spectrum: 
a = 0.4; q = 3.5; P 0 = 2.5; T B = 0.1; T c = 0.4; T D = 3.0; S = 1; y = 1 
For vertical motion, use the reduction factor. Check to see that the values of deflection 
meet the serviceability limit state. Assume the value of E, as 

Em 3.2 x 10 7 kN/m 2 




650 mm 



Fig. 9.4 Concrete slab supported by six columns 
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Design Calculations 

Q.9.3 

Solution 

(i) M m 5.2 x 14 x 6 = 436.8 
M = - 44.526 kgs 2 /m 

K x = 4xl ^ L ' + /'- = 0 «x0.75 3 = o 02285 

= 4x 1 2x32x,0>(0.0 1 716) + 2 x 32x lO^O.On.6) = Q x 1() 6 kN/m 

where 

/y = 0 ’ 75 (° 2 65 ) 1 = 0.01716 m 4 

Ay = 0.61669 x 10 6 kN/m; K-_ = 6(^) = 23.4 x 10 6 kN/m 

7> = 0.06 s; T y = 0.052 s; T z = 0.0085 s 

All of them are less than 1 ; hence it is stiff. 

(ii) T e = 0.1; T c = 0.4; T D = 3.0 
F = ma 
F x = S d {T x )M 

HS\d(T l x = 0M 0 < 0.06 < 0.1) 

Sj = ai[ l+^(f- l)] =0.331 
So from Fig. 9.3 

F x = 44.526 x 0.4 x 9.81 = 174.72 kN 

Sd {Ty — 0.052) 

S d (y) = a s [ 1 +X(&_i)] =0.3405 
F y = 44.526 x 0.341 x 9.81 = 148.95 kN 
S d (z) = (T= 0.0085) = 0.3902 
F z = 44.526 x 0.341 x 9.81 x 0.7 = 1 19.28 kN 

dx (e ) = T x = 0.4634 x^O 6 = 3 - 77 X 10-4 ~ °- 4mm 

dx (in) = dx(e) x q = 0.14 mm dr = 250 = 0.016 

dr>dx 

d y(e) = = 2.414 x 10 _4 m 

d y (in) = 8.448 x 10~ 4 = 0.8123; dr>dy 
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Design Calculations 

Example 9.4 A two-storey building consists of three such frames along X- direction as shown in 
Fig. 9.5. The dimensions in plan are 12 m x 12 m. The height of each floor is 4 m with a total height of 
8 m.The two numbers of each bay c/c of columns is 6 m is both X and Y directions. Using the following 
data 

(i) Calculate Ti and T 2 , the period of vibrations in the A-direction 

(ii) Check the calculation of Ti against the EC8. 

(iii) Total horizontal forces on the frame induced based on EC8 
Data: 



(Mi) 

527.33 

(Mi) 

-264.67 



(M2) 

-264.67 

(M2) 

264.67 



10 6 N/n 



[X] = Structural stiffness matrix = 

Circular frequencies: 
co 1 = 35.0728 rad/s 
002 = 56.5788 rad/s 

SRSS Method is adopted as stated in this text 

Parameters forming design response spectrum 

oc= 3.75; P 0 = 2.5; 7* = 0.1; T c = 0.4; T D = 3.0; S= 1; y t = 1 



12 m 




12 m 



5.2 kN/m 2 



7.5 kN/m 2 



\\\\\\\ 



\\^\\\ 

12 m 



4 m 



4 m 



\\\\\\\ 



PLAN 



SECTION A-A 



Fig. 9.5 A two-storey two-bay frame 
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Design Calculations 
Q.9.4 

(i) w i and w 2 are known (ii) EC8 formula 
T] = ^ = 0.17914 s T\ = C,H 3 / 4 

T 2 =% = 0.0725 s = 0.07s 77? 

= 0.3567 s 
Around twice 

W 1 total = 5.2 x 144 = 748.8 kN M x = 76.330 kgs 2 /m 

W 2 ,otai = 7.5 x 144 = 1, 080 kN; M 2 = 110.092kgs 2 /m 
T b = 0.1; r c = 0.4; T D = 3 
S d {Ti = 0.17914) 

S d = aS & = 0.233 

T B <T < T c 



s d (T 2 = 0.075) 

S d = as[ 1 +X(&_i)] =0.2625 

o<r<r £ 

(7711 - Miwf)(/> 11 + kn4> 2 \ = 0 
Modal values 4> n = 0.6577 
(^11 “ ^l 1 ^) <^12 + K\2(f>2l 

cj) u = -1.08606 

r 1 = participation factor = — + ^ 21 ? 

M 1 0 11 2 + M 2 (/) 21 2 

= 1.1963 

r 2 = participation factor = Ml ^t 2 + _ _ 0. 1962 

Mi 0i2 + M 2 022 

(/•V) - 0-5', /('/'/• 

= 137.274 kN 



F 2 \ = r\S d (T x )[w 2 ](t> u = 326.944 kN = F 12 



F 22 = (-38.57) kN; F\ = T7f5 = 354.593 kN 
p i = \f(A\ + p i 2 ) = 329.21 1 /tV 



Presented by www.pdfbooksfree.pk 



596 



9 Design of Structural Elements Based on Eurocode 8 



9.8 Analysis and Design of a Steel Portal Frame under Seismic 
Loads. A Reference is Made to Fig. 9.6. 

It is assumed that the portal frame has been designed against the wind. Only 
live, dead and seismic loads are involved using Eurocode 1: Part 1-1 Design 
criteria are needed but only produce guidelines for this frame if one wishes to 
design this frame using Eurocode-8. 



9.8.1 Data on Loadings 



Characteristic dead loads ( G k ) and imposed loads based on Eurocodes 1 : Part 1-1 



Roof: A reference is made to a portal frame in Fig. 9.6 and 9.7. 



Total dead weight 
Dead load/m of column 
Characteristic live load 
Total dead load DL TO t 
Total live load LL TO t 



= 7.85KN/m on roof beam or load 
= 6.56KN/m 
= 15KN/m 
= 131.45KN 
= 260.6KN 
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DL = 7.85 kNm 




9.8.2 Bending Moments, Vertical and Horizontal Reactions 

(a) Due to dead load 

M ba = M de = 93.76 kNm; H A at base = 11.03KN; 

M cb = M cd = 87.60 kNm V A = V E = 51KN 

(b) Live load 

M ba = 135kNm 
M de = — 96.22kNm 

E 2 = 7KN Seismic force at mid height of the column and 
M b A ( seismic) hf de 29.75kNm 

V A = VE (seisraic) = — 5.654KN 
H a = H e = 7KN 

Design Base Shear = F B d = 0.366 Mg 

Recommended methods of analysis is stiffness and flexibility methods for the 
portal frame = 39KN 



9.8.3 Ultimate Design Moments and Shears ( Moment-Capacity 
Design ) 

Section UB610x305x 170 kg/m; steel grade S275 
Class I 
<5 UV = 1.25 
fy ^ 378 W/mm 2 



Presented by www.pdfbooksfree.pk 



598 



9 Design of Structural Elements Based on Eurocode 8 



Max. ultimate design moment at YY axis = M ED = 844kNm 
Max. ultimate shear = 95KN 
Max. Axial thrust = 194KN 

Follow the eurocode EC-8 and Eurocode-3, check this frame for the seismic 
combination of actions and prove that the frame is safe. 

Guidelines for solution 

1 . Develop the BM diagram for live load and to account for the base force due 
to seismic action. 

2. Total load on the column of frame. 

3. Choose the analysis such as 

(a) Flexibility method 

(b) Stiffness method 

(c) Handbook formulae (Kleinlogel Rahman Formula). 

4. Assume member size given above and carry out solutions for moments 
shear and axial effects using one of the above method. Draw BM diagram at 
caves level due to the combination of seismic loads. 

5. Check for seismic combination of actions for columns and pure in parts and 
beams. 

6. Classify the section, in this will come out to be class 1 while checking the 
flang and web. 

7. Carry out moment capacity design using EC-5 and EC-8. 

8. Check the size UB610x305x 170 kg/m; steel grade S = 275. 

9. Check for the dissipative zones expected to yield before other zones. 

10. Check shear buckling resistance and buckling resistance to compression on 
all load combinations. 

1 1 . Check the plastic moment of resistance, plastic moment capacity, shear and 
buckling effects such as for shear and 

Conclusion. For columns UB 610x305x179 kg/m; S = 275 is ok. 

For beam UB 406 x 178x54 kg/m is ok. 
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Design Calculations 

Example 9.5. A three-storey three-bay frame made in concrete is shown in Fig. 9.6. The frame is fixed to the 
foundations. The natural frequencies wy and the modal matrix for this frame are given below: 



Natural frequency viy = 


W’l 

w 2 


— 


" 16.568" 
44.250 




w 3 




73.240 



Modal matrix 





'0.5350 


1.000 


0.2230 " 


N = 


0.9019 


-0.2287 


-0.9153 


1.000 


-0.7610 


1.000 



(i) Evaluate periods of vibrations T\, T 2 and T 2 . 

(ii) Calculate the participation factors T and the effective modal masses /n m for each mode and total modes 
asked for in EC8 

(ii) Total horizontal forces induced in the frame when the design response spectrum using the parameters 
oc= 0.35; q = 3.75; ft 0 = 2.5; T B = 0.1; T c = 0.4; T D = 3.0; S=\ 

Uses SRSS combination of modes are adopted 



Design Calculations 

T { = 2 *. T, = 0.3794 s; T 2 = 0.143 s; T 3 = 0.0856 
(i), (ii) r i = participating factor at 1 

M\(j) n + M 2 + 02i + m 2 + 03i _ | 2258 
M„P n 2 + M 2 <f> 2l 2 + M 2 + <l> n 2 ~ 

r 2 = Mihi + ^zhi+JE+hi _ o .3380 

M\(f) l2 + M 2 (J) 22 + M 3 (j) 32 

r 3 = Mih2+^ihi+J^i±h2 = o.3 0 99 

Mi </> 12 + M 2 <\> 22 + 4 / 3^32 

Mi = 427.569kg; M 2 = 30.913 kg 

M 3 = 0.2306 kg 

90 %E mi = 412.84377 kg 

Em\ > 90 Em \ same repeated for M 2 and M 3 

(iii )T b = 0.1; T c = 0.4; T D = 3 



S d (T i = 0.3793) 
for T]i < T fC Tq 
^ =oc sp 0/q = 0.233 
5^(72 = 0.142); Sj = 0.233 
j rf (r 3 = 0.0857) 

For 0 < T < T b 

«#=«. [l+^(f-l)] = 0 ' 25 
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M 3 = 101.9367 (kg s 2 /m) 
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M 2 = 152.9051 






M-| = 203.8735 









Fig. 9.8 A three bay three-storey frame 
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Chapter 10 

Earthquake - Induced Collision, Pounding 
and Pushover of Adjacent Buildings 



10.1 General Introduction 

The pounding of adjacent structures during earthquakes has been receiving 
considerable attention in recent years. This is because adjacent structures with 
inadequate clear spacing between them have suffered considerable structural 
and non- structural damage as a result of their collision during major earth- 
quakes. The different dynamic characteristics of adjacent buildings make then 
vibrate out of phase, and pounding occurs if there is a lack of sufficient space 
between them. However, building code provisions for seismic separations in 
seismically active regions are not applicable, not only in the old parts of the 
cities but also in many cases in new buildings, due to socioeconomic implica- 
tions. Moreover, pounding between adjacent structures is a highly complex 
phenomenon, and its accurate modelling requires great details of information 
of the structures in conjunction with a very reliable analytical method. In 
general, inelastic and plastic deformation, local crushing as well as impact- 
induced fracturing may occur at contacts during impact and pounding. 

In this chapter the phenomenon of mutual interaction between neighbouring 
buildings and the parameters that are affecting it are described thoroughly. The 
required separation distance between adjacent buildings in order to reduce 
pounding is studied as well as the building code provisions for seismic separa- 
tions. Earthquake ground motion spatial variation effects on relative linear 
elastic response of adjacent buildings and their vibration characteristics are 
analysed and also analytical solutions for the relative impact velocity are 
derived when adjacent buildings collide. Finally, the contact impact model is 
treated by the Lagrange multiplier method, which enforces compatibility of 
displacements for the bodies coming into contact. Many other methods includ- 
ing the modal analysis given in Chap. 5 have also been recommended. 

It has been observed, during powerful earthquakes, that in neighbouring 
buildings, which are tangential to each other or have small separation distance 
between them so that they can collide with each other, their dynamic behaviour 
is mutually influenced in an important scale. In these conditions the phenomena 
that are developed from the impact have as a result the mutual interaction of 
these buildings and also the drastic change of their dynamic response. 



M.Y.H. Bangash, Earthquake Resistant Buildings , 601 

DOI 10. 1007/978-3-540-9381 8-7_10, © M.Y.H. Bangash 2011 

Presented by www.pdfbooksfree.pk 



602 



10 Earthquake - Induced Pounding of Adjacent Buildings 



During these phenomena, the presence of defects is possible, not only in the 
building itself but also in the secondary elements of the mutually impacted 
buildings. The defects of the building can be developed in positions that are 
crucial for the behaviour of buildings, having as a possible result some or total 
collapse of the buildings. 

This phenomenon is called mutual interaction between neighbouring buildings 
under the conditions of seismic actions. 

If the neighbouring buildings do not come in contact with each other, because the 
separation distance between them is big enough, but they are founded in soft soils 
then there is still the possibility of mutual interaction in their dynamic behaviour. In 
this case the mutual interaction is immediate, via the soil of the foundation. 

For example, poundings between structures have been observed in the Alaska 
earthquake of 1964, San Fernando earthquake of 1971, Mexico City earthquake 
of 1985, Loma Prieta earthquake of 1989 in California, Kobe earthquake of 1995, 
Taiwan Chi-Chi earthquake of 1999, the Sequenay earthquake of 1988 in Canada, 
the 1992 Erzincan earthquake in Turkey and the 1992 Cairo earthquake. Recently 
many earthquakes occurred in Turkey, Iran and Pakistan. The earthquake in 2006 
has destroyed Margalla Tower in Islamabad, Pakistan, and prior to collapse, the 
adjacent floors-walls interacted, eventually causing a total collapse. 

The influence of the following factors when collision occurs between adja- 
cent buildings need to be examined in detail if possible: 

1 . The sizes of the building masses that impact or pound 

2. The stiffness and damping of each building 

3. The number of storeys of each building and in the height that the pounding 
impact occurs 

4. The separation distance between the adjacent buildings must be such that 
mutual pounding does not occur 

5. The surface of the impact 

6. The elastic-plastic behaviour of the buildings and their plasticity and crack- 
ing levels 

7. The simulation on the foundation of the buildings 

8. The intensity and the dynamic characteristics of the 

Apart from item 4, information does exist in each case mentioned in items 
1-3 and 5-8. 

Initially, a simplified model of several adjacent buildings in a block was used 
to study the pounding of such buildings due to strong earthquakes. Consider- 
able structural damage and even some collapses have sometimes been attributed 
to this effect. Each building is modelled as a SDOF system and pounding is 
simulated using impacted elements. A parametric investigation of this problem 
shows that the end structural elements almost always have substantial increases 
in their response while for “ interior ” elements the opposite often happens. This 
explains why high percentages of corner buildings have collapsed in many 
earthquakes. Moreover, the effects of gap size, structural strength, relative 
mass size as well as impact element damping and stiffness need to be investigated. 
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It is proposed to model pounding first between two adjacent buildings, with 
natural periods T x and T 2 and damping £1 and C 2 under harmonic earthquake 
excitation, as non-linear Hertzian impact between two SDOF systems. Analy- 
tical solution for the impact velocity can be derived for the case of rigid impacts. 
Inelastic impact will also be modelled by incorporating a coefficient of restitu- 
tion. For more general cases of non-rigid impacts, numerical simulations can be 
carried out to examine the applicability of the analytical solution for rigid 
impacts and to investigate the maximum impact velocity. 

An effective solution for studying the pounding response of adjacent build- 
ings during earthquakes can be carried out using the Lagrange multiplier 
approach by which the geometric compatibility conditions due to contact are 
enforced. The energy and momentum balance criteria for contacting buildings 
are satisfied according to the laws of impact covering post-impact conditions, 
which can also take into account local energy absorption phenomena during 
collision. A solution scheme is proposed which can be incorporated easily into 
existing computer programs for static and dynamic analysis of buildings as 
proposed in earlier chapters with and without seismic devices. 

In many practical applications building structures are often constructed with 
narrow gaps between adjacent but independent substructures. Examples include 
mechanical equipment within nuclear power plants, multi-span highway bridges 
and multistorey offices and parking structures. When responding to dynamic loads, 
the different dynamic characteristics of the individual units make them vibrate out- 
of-phase and mutual impact therefore occurs if the original gap size is too small. 

In this chapter a simplified MDOF numerical model for analysis of the lateral 
collision between adjacent buildings subjected to base excitation is suggested 
along with others. This model is based on the assumption that when the adjacent 
building structural elements are collided with relatively high velocity and/or the 
local stiffness at the location of contact is much higher than global stiffness of the 
involved systems, then the duration of each collision can be assumed as zero, and 
the change in potential energy of the system is negligible. As a result, the 
constraints between the structural elements are removed and the original system 
is replaced by pairs of colliding masses. The principle of conservation of momen- 
tum and the coefficient of restitution is applied to each floor independently to 
uniquely determine the incremental velocities corresponding to each impact. The 
problem, therefore, turns to be a set of MDOF systems subjected to a series of 
sudden change in velocities. BANG-F has a solution scheme described in the text. 
It is interesting to note the following papers by Chopra A. K and Goel R.K. The 
reader must note these: 

(a) A modal pushover analysis procedure for estimating seismic demands for 
buildings. Earthquake Eng. Struct. Dyn. 2002; 31, 561-582. 

(b) A modal pushover analysis procedure to estimate seismic demands for unsym- 
metric-plan buildings. Earthquake Eng. Struct. Dyn. 2004; 33, 903-927. 

Here some improved pushover analysis (MPA) procedure which retains 
(a) conceptual simplicity and computational attractiveness modal approach is 
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adopted. In paper (b) a comprehensive MPA procedure with invariant force 
distribution is given for unsymmetrically planned building. Here again modal 
approach is adopted. The reader is already familiar with the modal procedure 
earlier. Where seismic devices are employed, the right equation of motion in 
Chopra A.K. et al. formulation be adopted, particularly for non-linear analysis. 
Where interation analysis can be carried out for pushover with non-equal 
heights of buildings, a reference is made to the following paper: C.G Kara 
Yannis and Maria. J. Favvata, Earthquake induced interaction between adja- 
cent reinforced concrete structures with non-equal heights, Earthquake Engng. 
Struct. Dyn. 2005; 34, 1-20. 

Here the authors developed a paper on the influence of structural pounding 
on the ductility requirement and the seismic behaviour of RC structures 
designed according to EC2 and EC8 with non-equal heights. 



10.2 Analytical Formulation for the Pushover 

It is indeed very difficult to decide which method is to be used successfully to 
achieve the economic pushover results. The floors are modelled as adjacent 
masses. If the buildings are of equal heights or of unequal heights, the 
equations of equilibrium can be established. Building with equal heights 
having adjacent masses can be treated as a contact impact case such that 
each pair of masses vibrates initially along the line joining their centres. 
They should then collide head on while moving along the same straight line 
after collision. The collision is generally inelastic such that the local energy 
absorption phenomenon during impact can be taken into account. The second 
Newton’s law can be used for generalizing equations of equilibrium for any 
case of building configurations. Again the buildings with and without seismic 
devices can easily be devised using dynamic equations. Such equations are 
with and without devices. 

The generalized equilibrium equation for a pair of buildings can be written as 

[rn a UK+K{<+K{<= -K - {^V— Building “a” (10.1) 

[ m b]\u}[^c][{u}[+[k] , b {u} , b = -[myiljxg - {.F}'— Building “b” (10.2) 

such that one has to look for 



{u}-{u} b < d (10.3) 

where { u }, {u} and {ii} are the displacement, velocity and acceleration of each 
building such as buildings (a) and (b). 

x g = acceleration of support 

{/} = influence coefficient column vector 
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[c\ = damping matrix [£] = structural stiffness matrix 
{F} = final force stiffness matrix 
{0} = zero matrix as a column matrix 

In (8.3) if the final displacement is equal to or less than { d}, the collision will 
not occur. In all cases 

{F}> 0 

If any of the floor is untouched, all kinematic terms are treated constant. Where 
the floors are in contact, the linear and non-linear impact momentum law with 
normal velocity u no \ which can be treated as common will be at the end of approach. 

10.3 Linear Response 

The basic conditions of contact along the generic surfaces are that no material 
overlap can occur, and as a result contact forces are developed that act along the 
region of contact. Here, attention is focused on the planar case of frictionless 
contact without sliding. Furthermore, the developments are restricted to a 
node-to-node contact, which imposes the consideration of additional nodes in 
the case of slab-to-column contact. In this context, with reference to Fig. 10.1 
the constraint equation of the two nodes j, l in contact is written as 

uf - dp = Sji (10.4) 

where u{\ up are the nodal displacements in direction of nodes j, /, 
respectively. 

Since this is a constrained problem, the governing equilibrium equations are 
derived by invoking stationarity of the total potential function: 

n = - {^ItotMtotI^Itot — {^}tot{ w Itot (10.5) 

subject to the geometric constraints [Kx]{u\ = {3}. 

This is transformed to an unconstrained optimization problem of the 
Lagrangian functional 

\ r j~'U j jar 

L(u,A) =-{u} tot [K] tot {u} tot — {F} {u} 

TOT + { ^ } TOT [ [Ka ] TOT i U } TOT {-5}] (10.6) 

with the necessary conditions given as 

V m L(m, A) = [^totMtot — Wtot + MtotW = 0 (10-7) 



where 

T" is the transpose 
TOT - Total matrix 
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(ii) Coupled model . . 

schematic representation ^ nec l ua ei 9 s 
of the contact problem 

Fig. 10.1 A pushover analysis of buildings using the Lagrange multiplying formulation 



V„F(w,/l) = [K} tot {u} - {d} = 0 



or 



'[K] 








"F" 


m 


[0] . 


. (4 . 




_d_ 



( 10 . 8 ) 



(10.9) 



The symbols are defined as: 

{u} = vector of nodal displacement of the two buildings in contact; 
{1} = vector of nodal contact forces; 

{F} = vector of nodal external forces; 

[K\ = A (nxn) combined stiffness matrix of the two buildings; 

T" = Transpose. 

A reference is made to Chap. 5 for the linear response analysis. 
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The compatibility conditions of contact are expressed by (10.7) in which { d } 
is the vector of initial nodal gaps and the contact matix [AjJtot = a (m t x n t ) 
matrix of the form. 



" ...1 -1 ' 

1 - 1 ... 



1 - 1 



U a ,i 

- u kj . 



= {d} 



( 10 . 10 ) 



The dimension m corresponds to the total number of constraints or the total 
number of nodal pairs of contact. 



Non-linear response 

A reference is made in the text for non-linear response. 

To generate the equilibrium conditions for iteration i at increment i + At, 
stationarity of the following Lagrangian functional is invoked: 

l w (M) = n (,) - 1 uf (io.li) 

where 

n w = incremental potential leading to the incremental equilibrium equations 
without contact conditions for iteration t + At; 

Z = incremental potential of the contact forces at iteration i. 

In the present case for the pair k of contacting nodes j, l takes the form 



W® 

X 



r A V}L T ({A«}TOT - (A«}tot + {4 /_I) }) tot 
+ {A^}tot({A^- - {A^Itot + ^Itot 



(10.12) 



The governing finite element equations are obtained by substituting (10.12) into 
(10.11) and invoking stationarity conditions (10.6) and (10.7), then the equili- 
brium equations for iteration / at increment t + At are 



" ' t+ At 


[Of 


+ 


i 

7 

< 

+ 

o 




A «(0 


1 [0] 


[0], 


TOT 


J+A o 




M®. 



t+Atj^i— 1) 




t+Atjrfi—1) 


+ 


-t+At{ Rx (i-i)y 

C / • 1 \ ^ 


0 


TOT 


0 


TOT 





(10.13) 



in which 

[ t+At p^i~ 1 ^] = tangent stiffness matrix after iteration i—l; 

[ t+At K^ 1 -^] = contact matrix for the effect of the contact conditions of the 
m pairs of nodes; 
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| _ vec t or 0 f nodal point forces equivalent to element stresses; 

{ t+At R A h _1 ) } = vector of updated contact forces; 

{ t+At S A } = vector of overlapping distances of adjacent nodes; 

{A u (l) } = vector of incremental displacements; 

= vector of incremental contact forces. 

The contact matrix is identical to that of Eq. (10.9) while the vector of 
uploaded contact forces for the Mi pair of nodes j, l is given by 



|/+ a *^-d } = 



t T A^ ;(*-!) 

A k 

— t T AhO'-i) 



(10.14) 



When the Lagrange multiplier method is used to enforce the compatibility 
constraints of the corresponding displacements due to contact, the typical 
equilibrium equation of motion can then be written (Ref: Chap. 5) 



[MJtqtW + MtotM + [K]{u} TOT — {^(OItot 

It is transformed, for linear response, as in the manner shown below: 



(10.15) 
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(10.16) 



TOT 



For non-linear response the dynamic equilibrium equations for iteration i at 
time increment t + At are expressed as 



M 0 
0 0. 

+ 



A fiO 

0 

t+Atg(i- D q 

0 0 



C 0 
0 0 



J TOT 
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TOT 



J J L A JTOT 






(10.17) 






A J TOT 



in which {A u®}, {Az 7} and {A ii 1 } are vectors of incremental displacements, 
velocities and accelerations, respectively, in iteration i. 

The time integration of dynamic response is performed with the Newmark 
method in which the displacement and velocity vectors at time t + At are given as 



{ t+A, u} = {t u } +‘u At + \(\-k] {'«} + js{ ,+A, «} 



Ar 



(10.18) 
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{ t+At u} = {*u} + [(1 - y){*u} + y{ r+A/ fi}Ar] (10.19) 



The implicit Newmark scheme requires the solution of the following system 
in each time step for the linear problem: 



where 
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( 10 . 20 ) 
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( 10 . 21 ) 



( 10 . 22 ) 



which again can be solved following the steps of the linear case. Formation and 
factorization of the tangent stiffness matrix should be performed preferably at the 
beginning of each time step. The procedure described may exploit basic routines 
of standard static and dynamic analysis of buildings and thus can be incorporated 
into existing programs with minor alterations. A reference is made to Chap. 5. 

The values of the Lagrange multipliers, computed in step 7 of the above algo- 
rithm, are dependent on the time increment At and therefore cannot be interpreted 
as the real contact forces during impact as in the static case. The impact which is 
produced by the contact forces, however, is independent of the integration time step 
and gives a real interpretation of the physical meaning of the Lagrange multipliers. 



10.3.1 Post-contact Conditions 

A reference is made to Chap. 5 for inelastic or elastoplastic solutions under 
dynamic loads. Particularly, the involving of gap elements in the analytical 
procedure can be considered after this analysis. 

The dynamic aspects of post-contact conditions, however, require special 
attention. An accurate dynamic contact solution must fulfil the conditions that 
the total energy of the system of contacting buildings is conserved for perfectly 
elastic impact and the impulse-momentum relationship is satisfied for each 
building. In case of partially elastic impact, the energy balance condition is 
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properly modified by the introduction of the coefficient of restitution e. This 
coefficient accounts for local energy absorption mechanisms. 

Each of (10.1) or (10.2) will have two parts covering instant time when 
impact occurs and to the time when an impact or collision ends, the impact 
forces F iita and F ijte : 



Fi, t '/F ut = 



Ub,i{t ) ^a,z(^ ) 



= e 



(10.23) 



The final velocities are then computed together with the loss of energy 



Ub / = Ub,i(t) + (1 + e)[m b ,i(t) - m ai iu bji (t)\/(m a ,i + m bj i) (10.24) 



The loss of kinetic energy will then be written as 



KE(loss) 



1 

2 



mgjmbj 

T ^bj\ 



(1 - e 2 )(u aJ (t) - u b ,i(t)) 2 



- when e = 1 , elastic bodies 



(10.25) 



It is interesting to note from Eq. (8.3) when e = 0 completely plastic impact two 
equations can be arrived at: 



{dii a {t)} = {ii fl (0 - u a {t)} (10.26) 

{du b (t)} = {u b (t') - u b (t) } (10.27) 

tk<t< t k+ 1 k= l,2,3,...q =0 



The decomposition is in two parts. One is caused by x g with initial conditions 
at time t and another is free vibration contributed by incremental velocities due 
to impact. 

The energy loss vanishes for the impact of completely elastic bodies (e=\), 
and the maximum loss is induced for completely plastic impact (e = 0). Finally, 
the rebound velocities are obtained from 



“a,i = “a,i - (1 + e) 
u'b,i = Ub,i +(!+«) 



Wlb,i (Ua,i ^h.i) 

bbla,i T Wlb,i 

Wl a j(Ua,i Ub,i) 

T Wlb,i 



(10.28) 



(10.29) 



First, one considers the special case in which the distance of separation between 
the two buildings is l d = 0 (at time t). Following the algorithm presented in the 
previous section and the integration formulae, the buildings separate in time 
step t + 2Af when 



0</?<l( 2y+l) 



(10.30) 
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with the following velocities 



./ . V7lbj(u a j blb,i) 

U ai — Ua 3 o( i \ 

P(m a ,i + m b: i) 


(10.31) 


./ . . Wlaj(Ua,i ^b,i) 

u b.i — u b,i + n, \ 

’ p{m a ,i + m b,i) 


(10.32) 


Equating the above velocities with the analytical ones Eqs. (10.28) and (10.29) 
and taking into account the expression for unconditional stability discussed in 
the text by Newmark method 


1 „ 1,1 \2 
y>2, P> 4(5 + 7) 


(10.33) 


The following values for P, y are given as 




„ 1 3-e 

l+e 2(1 + e) 


(10.34) 


The two buildings separate in time t + 3 A* when 

I(2y+1 )<f <5 + 6r + yT3TT2^ 

4 12 


(10.35) 


with rebound velocities 




• (6y9 — 2y — 1 )m bJ (u aJ - u bJ ) 

’ ’ 2 P 2 {m a j + m b j) 


(10.36) 


_• (6j5 — 2y— 1 )m aJ (u aJ - u bJ ) 

’ ’ 2 P 2 {m a 4 + m b j) 


(10.37) 


Since the rebound velocities are now functions of both (3 and y, the expression 
for /?, y is much more involved than those of the previous case. Repeating the 



above discussion for the general case, the following conditions must be satisfied 
for separation after time t + At: 



(2(3 — 2y — 1 ) (u a j 


b^b,i d)<2(3(u a j blb,i) 


(10.38) 


with rebound velocities 






U a ,i = 


Wlbj{ila,i Ub,i ct) 
T Wlb,i) 


(10.39) 


1 

-cT 

•S 

II 

•s 


bbla : i(^a : i blb^i btj 


(10.40) 


P(m a ,i + m,i) 
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The corresponding expressions for (3 , y become 





where d' = d/At. When inequality (10.38) is not satisfied separation is realized 
after time t + 2A t under more complicated conditions. 

In the case of perfectly elastic contact (e=l) and l d= 0, the values 
/? = 1/2, y = 1/2 produce the analytical rebound velocities from Eq. (8.13) 
and Eq. (8.14) after separation at time t + 2At. Incidentally these values for 
/}, y lead to coincident analytical and computational velocities when l d ^ 0, but 
separation is now taking place in time step t + 3A t. 



10.4 Calculation of Building Separation Distance 

1 0.4.1 Minimum Separation Distance Required to A void Structural 
Pounding 

A reference is made to the Time-History Formulation in Chap. 5. The emphasis 
in structural pounding problems is on the “relative displacement” of potential 
pounding location of adjacent buildings. If u ai {t) and Ubi{t) are the displacement 
time histories and Z(t) is the relative displacement time history of two adjacent 
buildings (a), (b) at the potential pounding position, then Z(t ) can be expressed 
as stated earlier: 



where d separation distance. 

The minimum distance required to avoid pounding, “e”, can be written as 



where subscript “sup” is a maximum value of the entire range of the relative 
displacement time history. Hence pounding does occur when Z(t) <£ req d. This 
is the value of “d”. 

The UBC-97 requires that separation shall allow for the maximum inelastic 
response displacement A m when adjacent buildings are separated. Its value shall 
be greater than “d”. The value of A m based on UBC-97 is given as 



in which R is the numerical coefficient representative of the inherent over- 
strength and global ductility capacity of lateral-force-resisting systems and A 5 



Z{t) = U H - U ai = d 



(10.42) 



^reqd — -^(Osup 



(10.43) 



A m = 0.7.RA, 



(10.44) 
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is the design level response displacement, which is the total drift or total storey 
drift that occurs when the structure is subjected to the design seismic forces. 

When a structure adjoins a property line not common to a public way, that 
structure shall be set back from the property line by at least the displacement A M 
of that structure. In other words, adjacent buildings shall be separated by at 
least A MT which can be determined by the ABS (absolute sum) expression 

Amt = A M a + Amb (10.45) 



in which A ma and A MB are the inelastic displacements of the adjacent buildings 
(a) and (b), respectively. 

In addition, adjacent buildings on the same property shall be separated by at 
least A mt which can be determined by the square root of the sum of the squares 
(SRSS) expression 



A mt — \J [(A ma ) 2 + (A mb) 2 ] — d 



(10.46) 



A = 0.7RA S 




’ £= 


/ 



i — i 

(a) Maximum inelastic displacement of a building 




(b) Separation distance of adjacent buildings on different property 




(c) Separation distance of adjacent buildings on the same property 
Fig. 10.2 Minimum building separation specified by the UBC-97 (with compliments of UBC-97) 
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Note that the use of the ABS and SRSS combination methods, implied by the 
UBC, provides an upper limit of the required separation distance of adjacent 
buildings to avoid pounding Fig. 10.2. This can easily be checked using Time- 
History method of Chap. 5. 

These methods generally overestimate the required separation distance. The 
SRSS method ignores the cross-correlation of the responses of adjacent build- 
ings and provides a conservative estimate for A MT . The ABS method considers 
the entire out-of-phase motion, regardless of the relative magnitudes of the 
periods of buildings and provides a more conservative estimate for A MT . 

10.5 Data for Buildings 

A reference is made to the two buildings in Fig. 10.3. Two buildings - 10 storeys, 
three bays and 4 storeys, three bays - are chosen for the pushover study. The 
following data for the respective buildings are summarized in Table 10.1 for an 
earthquake of 0.4G. 

10.6 Discussion on Results 

As stated in Table 10.1, two types of case studies have been examined. And they are 

1. Two building steel frames of equal heights with three bays. Two 10-storey 
buildings of heights 30 m with inter-floor heights 3.0 m. They have three bays 
in each frame with 3-6 m spacing. 



Table 10.1 Data for two buildings (Fig. 10.3) 



10 Storeys - three Bays 

1. Case Study 1: 10 DOF Pushover: equal 

heights 


4 Storeys - three Bays 

1. Case Study 2: 10 DOF Pushover: unequal 
heights 


(a) 2 No. 10 storeys - 3 Bays 


1 No. 10 storeys - 3 Bays and 1 No. 


h = 3 m H= 30 m 


h = 3 m H= 12 m 


(b) T= period = 1.144 s 


T= period = 0.576 s 


10 storeys 


4 storeys 


(c) K design = 2,567 kN 


Fdesign = 2,050 kN 


base shear (single bay) 


base shear (single bay) 


(d) K= stiffness = 7,081 kNcm 


K= stiffness = 4,7 10 Ncm 


(single) 


(single) 


(e) mass of each storey = 45.5 x 10 3 


mass of each storey = 45.5 x 10 3 


(f) mean ductility U s = 5.0 


mean ductility Us = 4.0 


(g) E= Young’s modulus = 2.06 x 10 7 kN/m 2 


E= Young’s modulus = 2.06 x 10 7 kN/m 2 


(h) d= 7.5 m 


d= 7.5m 


(i) K 0 =2.225 x 10 8 kNm/rad 


=2.225 x 10 8 kNm/rad (hard soil) 


(j) W g = 0.1 g sin cat 


W g = 0.1 g sin cat 


(k) K s = internal spring value 


K s = internal spring value 


= 0.5 x 10 7 kN/m 


= 0.5 x 10 7 kN/m 


(1) = 4.55 tm 2 (torsional moment of 

inertia) 


Iff) = 4.55 tm 2 (hard soil) 



Presented by www.pdfbooksfree.pk 



10.6 Discussion on Results 



615 



(B) 



(A) 



E 


F 


G 


H 


1 


J 


K 


L 


M 


N 


O 


P 


Q 


R 


S 


ksT 







' 10 th Storey 1 






' 9 th Storey 1 






’ 8 th Storey ' 






' 7 th Storey ' 






’ 6 th Storey 






' 5 th Storey 1 






4 th Storey 
PTS of 

' contraflecture ^ 

@ mid-pts. (Typ) 

i 






' 3 rd Storey 1 






' 2 nd Storey 1 


KS 




• 1 st Storey ■ 

KS 



1003.0 30.0 m 



10m 



6m 



10 m Kft LlK* 



6 m 



6 m 



6 m 



at B 

AAA 



JK<\> 

Hdh 




K*K + 



Fig. 10.3 The two building frames 

2. Two- to four-storey steel frames, each associated with the 10-storey frame. 
The floor height is 3 m with three bay exteriors have two spans of 10 m each 
with an internal bay of 6 m. 

The soils are represented by springs K s and stiffness representing lateral 
and rotational displacement. Table 10.2 gives the details of the generalized 
stiffness matrices. While preparing individual input data for the structural ele- 
ments forming the building frames, the individual dimensions are taken into 
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Table 10.2 Generalised Matrices for Building Elements 
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(a) Storey shear with and without devices 
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(b) Overturning moments 



Fig. 10.4 Response quantities: 10-storey steel building, computed moments with (4% drift) 
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consideration. Table 10.2 for K (element) in used to cover every element and to 
formulate eventually a global matrix for any frame. Program “IDEAS” has been 
used to prepare the input preparation for the program F-Bang, which is the three- 
dimensional dynamic finite non-linear element program. The global matrix 
IXItot becomes huge for the program to solve. The solution procedures are 
discussed in text. Wilson - 0 is used and finally checked by Runge-Kutta method. 

First two 10-storey framed buildings exist at d=1.5 m space. Figure 10.4 
(i) and (ii) gives the comparative results for storey shear and overturning 
moment for the 10-storey buildings with a critical d=1.5 m. The results are 
with and without seismic devices. Comparative study of time-dependent dis- 
placements are given for the 10-storey and 4-storey buildings with the same 



(b) Building 
Inelastic 
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Fig. 10.6 Interstorey drift 
versus for a 10-storey 
building 



Floor 




0 20 40 60 80 100 x 10 _1 Displacement 

0 1 2 3 4 5 Time (sec) 

0 5 10 15 20 

Interstory drift (%) 



value of d= 7.5m (Fig. 10.5). When the impact occurs independently on each 
building, it is necessary to give out these results without placing seismic 
devices in any position. Figure 10.6 gives the interstorey drift with and without 
seismic devices. The output from program F-Bang is quite enormous. Due to lack 
of space, it was not possible to produce other results which include the interaction 
between cladding and the floors. The stress distribution up to plasticity level on 
each member of building has been calculated. The joints were independently 
analysed for dynamic stresses, strains, plasticity and cracks and their extensions. 
However, the output containing these quantities can easily be available as soon as 
such cases are analysed. Just to conclude this section, the reader must realize that 
apart from the line elements, the walls, floors with connections took 3.5 h for F- 
Bang to analyse and create an output. The total number of line elements are 670 
for steel-framed buildings with 1,970 isoparametric elements (20 noded isopara- 
meters elements. Stated in chapter 5 and appendices.) for cladding and 3,150 
isoparametric (20 noded) elements for each floor, giving over 35,000 solid ele- 
ments since the floor slab was made in RC panels, which put bar elements 
concrete to be 1,357. Hence the reinforcement amount 10,378,100 nodes for all 
the elements. One can see the enormous nodal points to cater for. Maybe these 
will come out in other editions, if space is provided. 
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REAL I,B,T,F,D,K,V,P,N,PN,PT,AY,AX,EC,ES,X,Y,Q,Q1,S,ME,MPUA,C 
REAL NTP , KL , NSF , FC , W , DI A , VEL , FCI , KCPFI , WI , DIAI , VELI , PENEI 
REAL PENET , RAT , PERF , SCAB , SSCAB , HSCAB , ACEP , ACPER , CKPEN , CKPER 
WRITE (6,1) 

1 FORMAT (lH/,‘Put in your values of B(cm) ,T(cm) ,D(cm) ’ / 

+ 1H/,‘B (Unit width of slab ,cm)’/ 

+ 1H/,‘T (Overall depth of slab , cm)’/ 

+ 1H/,‘D (Depth to reinforcing steel ,CIn) , ) 

READ (5,*) B,T,D 
CALL INTN (F) 

1=0 . 5000* ( ( (B* (t*T*T) ) /12) +F*B* (D*D*D) ) 

WRITE (6,2) 

2 FORMAT (lH/,‘The average moment of inertia, Ia(cm4/cm) ,is’) 

WRITE (6,3) I 

3 FORMAT (1H/,F30.2) 

CALL INT (Q) 

WRITE (6,17) 

17 FORMAT (lH/,‘Key in the value of Q that corresponds to’/ 

+ lH/,‘your calculated value of X/Y. This is the ’/ 

+ 1H/ , ‘required Stiffness Coefficient’) 

READ (5,*) Q 
WRITE (6,12) 

12 FORMAT (1H/ , ‘Put in your values of V, EC (MPa) , Y(m) ’ / 

+ 1H/,‘V (Poissons Ratio for concrete , usually 0.17’/ 

+ 1H/,‘EC (Elastic modulus of concrete ,MPa) ’/ 

+ 1H/,‘Y (Length of slab ,m) ’) 

READ (5,*) V , EC , Y 

K= ( (12*EC* I) / ( ( (Q* Y* Y) * (1- (V* V) ) ) * 1000000000) ) 

WRITE (6,5) 

5 FORMAT (1H/, ‘The value of K (MN/mm) is’) 

WRITE (6,6) K 

6 FORMAT (1H/, F30.2) 

WRITE (6,7) 

7 FORMAT (1H/, ‘Input the following data : ’/ 

+ 1H/,‘WD (The Weight Density of the concrete ,Kg/m3)’/ 

+ 1H/,‘T (The overall depth of the slab ,m)’/ 

+ 1H/,‘X (The width of the slab ,m)’) 

READ (5,*) WD , T , X 
MPUA=((WD*T)/9.81) 

WRITE (6,8) 

8 FORMAT (lH/,‘The mass per unit area of the slab is, (Kg. sec2/m3’ ) 
WRITE (6,9) MPUA 

9 FORMAT (1H/,F5.1) 

ME= ( (MPUA* 3 . 142* X* X* 9 . 81) / (6* 4* 1000) ) 

WRITE (6,10) 

10 FORMAT (lH/,‘The effective mass is one sixth of the mass’/ 

+ 1H/, ‘within the circular yield pattern. ’/ 

+ 1H/ , ‘Effective mass is ,N.sec2/mm’) 

WRITE (6,11) ME 

11 FORMAT (1H/,F4.2) 

450 FORMAT (1H/, ‘Key in the corresponding F value’) 

READ (5,*) Y1 
WRITE (6,500) 
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500 FORMAT (lH/,‘Key in the value of PN from the table that is’/ 

+ lH/,‘just higher than your calculated value of PN’) 

READ (5,*) X3 
WRITE (6,550) 

550 FORMAT ( 1H/ , ‘Key in the corresponding F value’) 

READ (5,*) Y2 
WRITE (6,600) 

600 FORMAT (lH/,‘Key in your calculated value of PN’) 

READ (5,*) X2 

F=((((X2-X1)/(X3-X1))* (Y2— Yl) ) +Y1) 

WRITE (6,700) 

700 FORMAT ( 1H/ , ‘ The value of F you require is’) 

WRITE (6,800) F 
800 FORMAT (1H/,F8. 5) 

RETURN 

END 

SUBROUTINE INT (Q) 

WRITE (6,1000) 

1000 FORMAT (lH/,‘Key in the length, X (m) ,& width, Y (m) ,of the slab’) 
READ (5,*) X, Y 
Q1=X/Y 

WRITE (6,1100) 

1100 FORMAT (lH/,‘You require a Q value that corresponds with this’/ 

+ 1H/, ‘calculated value of X/Y’) 

WRITE (6,1200) Q1 
1200 FORMAT (1H/,F4.2) 

WRITE (6,1300) 

1300 FORMAT (lH/,‘The table you use is dependant on support’/ 

+ 1H/, ‘conditions at the sides’) 

WRITE (6,1400) 

1400 FORMAT (1H/, ‘SIMPLY SUPPORTED ON FULLY FIXED ON ALL ’/ 

+ 1H/ , ‘ ALL FOUR SIDES FOUR SIDES’/ 



+ 

+ 

+ 


1H/, 

1H/, 

1H/, 


‘X/Y VALUES 


1 


Q VALUES 


X/Y VALUES 


IQ VALUES’/ 


‘ 1.0 


- 1 ■ 

1 


0.1391 


1.0 


• 1 / 

1 0.0671 ’/ 


+ 


1H/, 


‘ 1.1 


1 


0.1518 


1.2 


1 0.0776 ’/ 


+ 


1H/, 


‘ 1.2 


1 


0.1624 


1.4 


1 0.0830 ’/ 


+ 


1H/, 


‘ 1.4 


1 


0.1781 


1.6 


1 0.0854 ’/ 


+ 


1H/, 


‘ 1.6 


1 


0.1884 


1.8 


1 0.0864 ’/ 


+ 


1H/, 


‘ 1.8 


1 


0.1944 


2.0 


1 0.0866 ’/ 


+ 


1H/, 


‘ 2.0 


1 


0.1981 


INFINATE 


1 0.0871 ’/ 


+ 


1H/, 


‘ 3.0 


1 


0.2029 




V 


+ 


1H/, 


‘ INFINATE 


1 


0.2031 




0 



RETURN 

END 

SUBROUTINE NDRC (PENET , PERF , SCAB) 

REAL NSF , KCPFI , FC , W , DIA , VEL , FCI , WI , DIAI , VELI , PENET , PENET , RAT , T 
WRITE (6,1998) 

1998 FORMAT (1H/, ‘ Input ,T, the overall depth ,mm’) 

READ (5,*) T 
WRITE (6,2000) 

2000 FORMAT (1H/, ‘Input the relevant missile shape factor ,NSF’/ 

+ lH/,‘For flat nosed missiles, NSF=0.72’/ 

+ lH/,‘For blunt nosed missiles, NSF=0.84’/ 



Presented by www.pdfbooksfree.pk 



648 



Appendix A 



+ lH/,‘For sperical nosed missiles, NSF=1.00 5 / 

+ lH/,‘For very sharp nosed missiles, NSF=1.14 5 ) 

READ (5,*) NSF 
WRITE (6,2100) 

2100 FORMAT (1H/, ‘Input the following : 5 / 

+ 1H/,‘FC The ultimate concrete compressive strength, N/mm2 5 / 

+ 1H/,‘W (The weight of the missile, N) 5 / 

+ 1H/,‘DIA (The circular section diameter, mm) 5 / 

+ 1H/,‘VEL (The impact velocity, m/sec) 5 ) 

READ (5,*) FC,W,DIA, VEL 
FCI= (FC/0 . 007) 

KCPFI = ( 180/SQRT (FCI ) ) 

WI=((2*W)/9) 

DIAI=(DIA/25.4) 

VELI= (VEL/ 0 . 3048) 

PENEI= (SQRT( (4* KCPFI*NSF*WI*DIAI) * ( (VELI/ (1000* DIAI) ) **1.8))) 
PENET= (PENEI* 25 . 4) 

RAT= (PENET/DIA) 

IF (RAT. LT. 2.0) THEN 
GO TO 2200 

ELSE IF (RAT. GT. 2.0) THEN 
GO TO 2400 
END IF 

2200 WRITE (6,2300) 

2300 FORMAT (lH/,‘The missile penetration using the NDRC (National 5 / 

+ 1H/, ‘Defence Research Committee) Formula for 5 / 

+ lH/,‘‘‘x/d 55 less than or equal to 2.0 is , (mm) 5 ) 

WRITE (6,2350) PENET 
2350 FORMAT (1H/,F6.1) 

GO TO 2700 

2400 PENEI = ( ( (KCPFI* NSF*WI) * ( (VELI/ (1000*DIAI) ) **1.8)) +DIAI) 

PENET= (PENEI* 25 . 4) 

WRITE (6,2450) 

2450 FORMAT (1H/, ‘The missile penetration using the NDRC (National 5 / 

+ 1H/, ‘Defence Research Committee) Formula for 5 / 

+ lH/,‘‘‘x/d 55 greater than 2.0 is , (mm) 5 ) 

WRITE (6,2470) PENET 
2470 FORMAT (1H/,F6.1) 

2700 WRITE (6,2710) 

2710 FORMAT (lH/,‘The “x/d 55 ratio is 5 ) 

WRITE (6,2720) RAT 
2720 FORMAT (1H/,F5.3) 

IF (RAT. LT. 1.35) THEN 
GO TO 2800 

ELSE IF (RAT. GT. 1.35) THEN 
GO TO 2900 
END IF 

2800 PERF= (DIA* ( (3 . 19* RAT) - (0 . 718* RAT* RAT) ) ) 

GO TO 3000 

2900 PERF=(DIA* (1 . 32+ (1 . 24* RAT) ) ) 

3000 WRITE (6,3100) 

3100 FORMAT (lH/,‘The Perforation, calculated using the NDRC, is ,mm 5 ) 
WRITE (6,3200) PERF 
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3200 FORMAT (1H/,F5.1) 

IF (PERF.LT.T) THEN 
GO TO 3300 

ELSE IF (PERF.GT.T) THEN 
GO TO 3400 
END IF 

3300 WRITE (6,3350) 

3350 FORMAT (lH/,‘This value is less than the overall depth. The 5 / 

+ lH/, £ slab adequately resists collapse due to perforation’ ) 

GO TO 3500 
3400 WRITE (6,3450) 

3450 FORMAT (lH/,‘This value is greater than the overall depth. The’/ 

+ lH/,‘slab will collapse due to perforation’) 

3500 IF (RAT. LT. 0.65) THEN 
GO TO 3600 

ELSE IF (RAT. GT. 0.65) THEN 
GO TO 3700 
END IF 

3600 SCAB= (DIA* ( (7 . 91*RAT) - (5 . 06* RAT* RAT) ) ) 

GO TO 3800 

3700 SCAB= (DIA* (2 . 12+ ( 1 . 36* RAT) ) ) 

3800 WRITE (6,3850) 

3850 FORMAT (lH/,‘The Scabbing thickness, calculated using NDRC, is ,mm’) 
WRITE (6,3860) SCAB 
3860 FORMAT (1H/,F5.1) 

IF (SCAB.LT.T) THEN 
GO TO 3900 

ELSE IF (SCAB.GT.T) THEN 
GO TO 4000 
END IF 

3900 WRITE (6,3950) 

3950 FORMAT (lH/, c This value is less than the overall depth. The’/ 

+ lH/,‘slab will not collapse due to scabbing’) 

GO TO 4100 
4000 WRITE (6,4050) 

4050 FORMAT (lH/, c This value is greater than the overall depth. The’/ 

+ lH/,‘slab will collapse due to scabbing’) 

4100 RETURN 
END 

SUBROUTINE BTEL (SSCAB, HSCAB) 

REAL W , VEL , DI A , FC , FCI , WI , DI AI , VELI , SSCI , HSCI , SSCAB , HSCAB 
WRITE (6,5000). 

5000 FORMAT (1H/, ‘Input the following:’/ 

+ 1H/,‘W (The weight of the missile, N)’/ 

+ 1H/,‘VEL (The impact velocity of the missile , m/sec) ’ / 

+ 1H/, £ DIA (The diameter of the missile , mm) ’ / 

+ 1H/,‘FC (The concrete compressive strength, N/mm2) ’ ) 

READ (5,*) W,VEL,DIA,FC 
FCI'= (FC/0 . 007) 

WI=((2*W)/9) 

DIAI= (DIA/25 . 4) 

VELI=(VEL/0.3048) 

SSCI=((15.5* (WI**0.4)* (VELI* *0.5) )/ (SQRT(FCI)* (DIAI**0 . 2) ) ) 
HSCI=((5.42* (WI**0.4)* (VELI** 0.65))/ (SQRT(FCI)* (DIAI**0 . 2) ) ) 
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SSCAB=(SSCI*25.4) 

HSCAB=(HSCI*25.4) 

WRITE (6,5100) 

5100 FORMAT (1H/, ‘Using the BECHTEL formula the slab thickness’/ 

+ lH/,‘to prevent scabbing from a solid missile is, mm’) 

WRITE (6,5200) SSCAB 
5200 FORMAT (1H/,F6.1) 

WRITE (6,5300) 

5300 FORMAT (1H/, ‘Using the BECHTEL formula the slab thickness to’/ 

+ 1H/, ‘prevent scabbing from a hollow missile is, mm’) 

WRITE (6,5400) HSCAB 
5400 FORMAT (1H/,F5.1) 

RETURN 

END 

SUBROUTINE ACE (ACEP,ACPER) 

REAL W , DI A , VEL , FC , FCI , DI AI , WI , VELI , ACEPI , APFI , ACEP , ACPER , EPI 
WRITE (6,6000) 

6000 FORMAT (1H/, ‘Input the following:’/ 

+ 1H/,‘W (The weight of the missile, N)’/ 

+ 1H/,‘DIA (The diameter of the missile , mm) ’ / 

+ 1H/,‘VEL (The impact velocity of the missile , m/sec) ’ / 

+ 1H/,‘FC (The concrete compressive strength, N/mm2) ’ ) 

READ (5,*) W,DIA, VEL,FC 
FCI= (FC/0 . 007) 

WI=((2*W)/9) 

DIAI= (DIA/304 . 8) 

VELI= (VEL/0 . 3048) 

ACPI=((282*WI*(DIAI**0.215)* ( (VELI/1000) ** 1 . 5) )/(FCI*DIAI**2) ) 
EPI= (0 . 5*DIAI) 

ACEPI= (ACPI+EPI) 

APFI = ( ( 1 . 23* DI AI ) + ( 1 . 07* ACEPI ) ) 

ACEP= (ACEPI* 25 . 4) 

ACPER= (APFI* 25 . 4) 

WRITE (6,6100) 

6100 FORMAT (lH/,‘The penetration depth using the ACE formula is, mm’) 
WRITE (6,6200) ACEP 
6200 FORMAT (1H/,F5.1) 

WRITE (6,6300) 

6300 FORMAT (1H/ , ‘Thickness to prevent perforation using ACE is, mm’) 
WRITE (6,6400) ACPER 
6400 FORMAT (1H/,F5.1) 

RETURN 

END 

SUBROUTINE CKW (CKPEN,CKPER) 

REAL W , DI A , VEL , WI , DI AI , VELI , CKPEI , CKPRI , CKPEN , CKPER 
WRITE (6,7000) 

7000 FORMAT (1H/, ‘Input the following:’/ 

+ 1H/,‘W (The weight of the missile, N)’/ 

+ 1H/,‘DIA (The diameter of the missile, mm) ’ / 

+ 1H/,‘VEL (The impact velocity of the missile , m/sec) ’ ) 

READ (5,*) W,DIA, VEL 
WI=((2*W)/9) 

DIAI= (DIA/25 .4) 

VELI= (VEL/0. 3048) 
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CKPEI= ( (6* WI* (DIAI**0 . 2) * ( (VELI/1000) ** 1 . 333333) ) / (DIAI** 2) ) 
CKPRI=(1.3*CKPEI) 

CKPEN= (CKPEI* 25 . 4) 

CKPER= (CKPRI* 25 . 4) 

WRITE (6,7100) 

7100 FORMAT (lH/,‘The penetration using the CKW-BRL formula is, mm 5 ) 
WRITE (6,7200) CKPEN 
7200 FORMAT (1H/,F5.1) 

WRITE (6,7300) 

7300 FORMAT (1H/ , ‘Thickness to prevent perforation using CKW-BRL, mm 5 ) 
WRITE (6,7400) CKPER 
7400 FORMAT (1H/,F5.1) 

RETURN 

END 



Blast Loading Program 

>LIST10.410 

10 REM “INITIALIZE PRINTER 5 5 
20 VDU2, 1,27, 1,64,3 

30 REM “DISABLE PAPER END DETECTOR 5 5 

40 VDU2, 1,27, 1,56,3 

50 REM “SELECT PRINT STYLE 24 5 5 

60 VDU2, 1,27, 1,33, 1,56,3 

70 REM “SET LEFT MARGIN - 4 SPACES 55 

80 VDU2, 1,27, 1,108, 1,4,3 

90 REM “SET LINE SPACING - 35/216INCHES 5 5 
100 VDU2, 1,27, 1,51, 1,38 

110 PRINT :VDU3: INPUT “DO YOU REQUIRE PRINT-OUT ON PAPER? ENTER Y FOR Y 
ES AND N FOR NO “:A1$:IF A1$=“Y 55 THEN VDU2 
120 PRINT “BLAST LOADING PROGRAM: 5 5 
130 VDU2, 1,27, 1,33,1, 53, 3:IF A1$=“Y 55 THEN VDU2 
140 PRINT “BY N.M. ALAM (1987) 5 5 
150 VDU2, 1,27, 1,106,1, 10, 3:IF A1$=“Y 55 THEN VDU2 

160 PRINT “ 5 5 : PRINT: GOTO 180 

170 PRINT :VDU3: INPUT “DO YOU REQUIRE PRINT-OUT ON PAPER? ENTER Y FOR Y 
ES AND N FOR NO 5 5 ; Al$ 

180 VDU2, 1,27,1, 33, 1,0,3:VDU2, 1,27, 1,108,1, 8, 3:IF A1$=“Y 55 THEN VDU2 

190 PRINT “ 

5 5 :VDU2: PRINT :VDU2, 1,27, 1,106, 1,18, 3 

200 INPUT c ‘ OPERATOR 5 S NAME 5 5 ; N$ ; “ RUN NUMBER 5 5 ; N1 : INPUT ‘ c DATE 5 5 ; Nl$ 

210 IF A1$=“Y 55 THEN VDU2 :VDU21 : PRINT “OPERATOR’S NAME: 5 5 ;N$;TAB(36) ; “R 
UN NUMBER: 5 5 ;N1 ;TAB(52) ; “DATE: 55 ;N1$:VDU6 

220 VDU2, 1,27, 1,106,1, 15, 3:IF A1$=“Y 55 THEN VDU2 

230 PRINT “ 

55 : PRINT: IF A1$=“Y 55 THEN VDU2 

240 PRINT “DESIGN OF A WALL, IN A HIGH EXPLOSIVE ENVIRONMENT. THE DESI 
GN AIM IS 55 

250 PRINT “TO LIMIT THE DAMAGE RESULTING FROM BLAST LOADS IN CONNECTIO 
N WITH AN 55 

260 PRINT “ACCIDENTAL EXPLOSION. 55 

270 PRINT :VDU2: PRINT :VDU3: IF A1$=“Y 55 THEN VDU2 
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280 REM DETERMINE THE WORST CASE LOADING ON THE WALL. THE WALL WILL 
290 REM BE LOADED BY BLAST WAVES AND BY THE BUILD-UP OF QUASI-STATIC 
300 REM PRESSURE WITHIN THE ENCLOSED VOLUME. 

310 PRINT “BLAST WAVE LOADING:” 

320 VDU2, 1,27, 1,106,1, 20, 3:IF A1$=“Y” THEN VDU2 

330 PRINT “ ” 

340 PRINT 

350 REM LOADING FROM THE BLAST WAVE IS INFLUENCED BY THE CHARGE 
360 REM LOCATION. A CHARGE LOCATED ADJACENT TO A SIDE WALL WILL 
370 REM GIVE A REFLECTION OFF THE SIDE WALL AS WELL AS THE FLOOR 
380 REM AND PRODUCE HIGHER LOADS. 

390 PRINT “FOR WORST CASE LOADING A CHARGE REFLECTION FACTOR 0 
F 2, ” 

400 PRINT “FROM BOTH FLOOR AND WALL SHOULD BE USED.” 

410 PRINT 
>LIST420,860 

420 VDU2 ,1,27,1, 106 ,1,15,3 

430 INPUT “CHARGE REFLECTION FACTOR (WALL) ”;C1 
440 INPUT “CHARGE REFLECTION FACTOR (FLOOR) ”;C2 
450 INPUT “CHARGE WEIGHT (kg of TNT) ” ;W 
460 IF A1$=“Y” THEN VDU2 

470 VDU21: PRINT “CHARGE REFLECTION FACTOR (WALL) ? ” ; Cl 
480 PRINT “CHARGE REFLECTION FACTOR (FLOOR)? ”;C2 
490 PRINT “CHARGE WEIGHT (kg of TNT)? ” ;W:VDU6 
500 LET W1=C1*C2*W 
510 PRINT 

520 VDU2, 1,27, 1,106,1, 15, 3:IF A1$=“Y” THEN VDU2 

530 PRINT “EFFECTIVE CHARGE WEIGHT = ”;Wl;“kg of TNT” 

540 PRINT: PRINT 

550 PRINT “*** CALCULATION OF CHARGE STAND OFF ***” 

560 PRINT 

570 PRINT “CHARGE STANDOFF IS THE DISTANCE FROM THE WALL BEING DESIGNE 
D TO THE” 

580 PRINT “EDGE OF THE HIGH EXPLOSIVE AREA, PLUS THE CHARGE RADIUS.” 
590 PRINT 

600 VDU2, 1,27, 1,106, 1,15,3 

610 INPUT “DISTANCE FROM WALL TO EDGE OF HIGH EXPLOSIVE AREA (m) ” ;D 
620 INPUT “SPHERICAL CHARGE RADIUS (m)”;Dl 
630 IF A1$=“Y” THEN VDU2 

640 VDU21: PRINT “DISTANCE FROM WALL TO EDGE OF HIGH EXPLOSIVE AREA (m) 
? ” ;D 

650 PRINT “SPHERICAL CHARGE RADIUS (m)? ”;D1:VDU6 
660 LET R=D+D1 
670 PRINT 

680 VDU2, 1,27, 1,106,1, 15, 3:IF A1$=“Y” THEN VDU2 
690 PRINT “STANDOFF DISTANCE = ” ;R; “m” 

700 PRINT: PRINT 

710 PRINT “*** SCALED STANDOFF DISTANCE ***” 

720 PRINT 

730 LET R1=R/(W1 a (1/3)) 

740 LET R7=INT(R1* 1000+0 . 5) / 1000 

750 PRINT “SCALED STANDOFF DISTANCE = ” ;R7; “m/kg” ; 

760 VDU2, 1,27,1, 83, 1,0,3:IF A1$=“Y” THEN VDU2 

770 PRINT “1/3” :VDU2, 1,27, 1,84, 3:IF A1$=“Y” THEN VDU2 



Presented by www.pdfbooksfree.pk 



Appendix A 



653 



780 PRINT 

790 VDU2, 1,27, 1,106,1, 15, 3:IF A1$=“Y 55 THEN VDU2 

800 PRINT “FOR THIS SCALED STANDOFF DISTANCE-REFER TO FIGURE 4 FOR THE 
REFLECTED 5 5 

810 PRINT “PRESSURE AND REFLECTED IMPULSE VALUES. 55 
820 PRINT 

830 VDU2, 1,27, 1,106, 1,15,3 

840 INPUT “REFLECTED PRESSURE Pr (kPa) 5 5 ;P 
850 INPUT “VALUE FOR ir/WAl/3 (kPa. sec/kgAl/3) 55 ;I 
860 IF A1$=“Y 55 THEN VDU2 
>LIST870 . 1340 

870 VDU21: PRINT “REFLECTED PRESSURE Pr (kPa)? 55 ;P 
880 PRINT “VALUE FOR ir/W 5 5 ; 

890 VDU6:VDU2, 1,27,1, 83,1, 0,3:IF A1$=“Y 55 THEN VDU2 
900 VDU21: PRINT “ 1/3 5 5 ; 

910 VDU6:VDU2, 1,27,1, 84, 3:IF A1$=“Y 55 THEN VDU2 
920 VDU21: PRINT “ (kPa. sec/kg 5 5 ; 

930 VDU6:VDU2, 1,27, 1,83, 1,0, 3:IF A1$=“Y 55 THEN VDU2 
940 VDU21: PRINT “ 1/3 5 5 ; 

950 VDU6:VDU2, 1,27,1, 84, 3:IF A1$=“Y 55 THEN VDU2 

960 VDU21: PRINT “)? 55 ;I:VDU6 

970 LET I1=W1A(1/3)*I 

980 LET I2=INT( 1 1*1000+0 . 5) / 1000 

990 PRINT 

1000 VDU2, 1,27, 1,106,1, 15, 3:IF A1$=“Y 55 THEN VDU2 

1010 PRINT “REFLECTED IMPULSE ON WALL ir = 5 5 ; 12 ; “kPa. sec 5 5 

1020 PRINT 

1030 PRINT “BLAST WAVE LOADING IS IDEALIZED AS A TRIANGULAR PULSE WITH 
ZERO RISE 55 

1040 PRINT “TIME. 55 
1050 PRINT 

1060 PRINT “*** LOAD DURATION *** 55 

1070 PRINT 

1080 LET T=2*I1/P 

1090 LET T5=INT (T*lE5+0 . 5)/lE5 

1100 PRINT “LOAD DURATION = 55 ;T5;“sec 55 

1110 VDU2, 1,27,1, 51, 1,210, 3:IF A1$=“Y 55 THEN VDU2 

1120 PRINT: PRINT 

1130 VDU2, 1,27, 1,51,1, 42, 3:IF A1$=“Y 55 THEN VDU2 

1140 PRINT “QUASI-STATIC LOADING: 55 

1150 VDU2, 1,27, 1,106,1, 27, 3:IF A1$=“Y 55 THEN VDU2 

1160 PRINT “ 55 

1170 PRINT 

1180 PRINT “*** VOLUME OF ROOM *** 55 
1190 PRINT :VDU3 

1200 INPUT “LENGTH OF ROOM (m) 55 ;L 

1210 INPUT “WIDTH OF ROOM (m) 5 5 ;L1 

1220 INPUT “FLOOR TO CEILING HEIGHT (m) 55 ;L2 

1230 IF A1$=“Y 55 THEN VDU2 

1240 VDU21: PRINT “LENGTH OF ROOM (m)? 5 5 ;L 

1250 PRINT “WIDTH OF ROOM (m)? 55 ;L1 

1260 PRINT “FLOOR TO CEILING HEIGHT (m)? 55 ;L2:VDU6 

1270 LET V=L*L1*L2 

1280 LET V1=INT (V* 1000+0 . 5) / 1000 
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1290 PRINT 

1300 VDU2, 1,27, 1,106,1, 15, 3:IF A1$=“Y” THEN VDU2 
1310 PRINT “VOLUME OF ROOM = ,, ;Vl;“m ,, j 
1320 VDU2, 1,27,1, 83, 1,0,3:IF A1$=“Y” THEN VDU2 
1330 PRINT c c 3> ’ :VDU2, 1,27, 1,84, 3:IF A1$=“Y” THEN VDU2 
1340 LET D3=W/V 
>LIST3600 , 3990 

3600 LET T6=INT(T3*lE5+0.5)/lE5 

3610 PRINT “PERIOD OF THE SYSTEM = >>;T6; (t sec” 

3620 PRINT 
3630 PROCdisplay 

3640 VDU2, 1,27, 1,51,1, 210, 3:IF A1$=“Y“ THEN VDU2 
3650 PRINT: PRINT :VDU2, 1,27, 1,106,1, 20, 3:IF A1$=“Y“ THEN VDU2 
3660 VDU2, 1,27, 1,51,1, 31, 3:IF A1$=“Y” THEN VDU2 
3670 PRINT “*** NUMERICAL INTEGRATION ***” 

3680 PRINT “*** FOR ONE DEGREE OF FREEDOM SPRING-MASS SYSTEM ***“ 

3700 PRINT 

3720 PRINT “TO INTEGRATE THE EQUATION OF MOTION, A TIME STEP LESS THAN 
OR EQUAL 9 3 

3730 PRINT “TO ONE-TENTH OF THE FUNDAMENTAL PERIOD IS ADEQUATE IN MOST 
INSTANCES. ’ > 

3740 PRINT: PRINT 

3750 VDU2, 1,27, 1,106, 1,25,3 

3760 INPUT “CHOSEN VALUE FOR TIME STEP (sec) }, ;T4 
3770 IF A1$=“Y” THEN VDU2 

3780 VDU21: PRINT “CHOSEN VALUE FOR TIME STEP (sec)? ,J ;T4:VDU6 
3790 PRINT 

3800 VDU2, 1,27, 1,106, 1,10,3 

3810 INPUT “SPECIFY TIME AT WHICH CALCULATIONS SHOULD TERMINATE (sec) ” 

;N 

3820 IF A1$=“Y“ THEN VDU2 

3830 VDU21: PRINT “SPECIFY TIME AT WHICH CALCULATIONS SHOULD TERMINATE ( 
sec)? “;N:VDU6 

3840 VDU2, 1,27,1, 33, 1,15:VDU2, 1,27, 1,108,1, 10, 3:IF A1$=“Y” THEN VDU2:PR 
INT: PRINT :VDU2, 1,27, 1,106,1, 20, 3:IF A1$=“Y ,J THEN VDU2 

3850 PRINT TAB(1);“C0L 1 J » ; TAB (14) ; “COL 2> ’ ;TAB(27) ; “COL 3’ ’ ; TAB (41) ; “COL 
4’ » ;TAB(55) ; “COL 5 J J ;TAB(66) ; “COL 6’ ’ ;TAB(76) ; “COL 7” 

3860 PRINT 

3870 VDU2, 1,27, 1,106,1, 15, 3:IF A1$=“Y” THEN VDU2 

3880 PRINT TAB(l) ; f ( TIME: J > ;TAB(55) ; ( c ACC. : ’ J ;TAB(66) ; ( ‘ VEL . : 5 5 ;TAB(76) ; 
“DISP . : 5 5 

3890 VDU2, 1,27, 1,106,1, 20, 3:IF A1$=“Y“ THEN VDU2:PRINT “ 



3900 PRINT:VDU2, 1,27, 1,106,1, 15, 3:IF A1$=“Y 5 > THEN VDU2 

3910 LET E1=0 

3920 LET E2=0 

3930 FOR S=0 TO N STEP 14 

3940 LET E=F4*1000— ((F4*1000/T)*S) 

3950 IF E<0 THEN LET E=0 

3960 IF S=0 THEN LET Q=0 : Q1=0 : Q2=0 

3970 LET U=K1*1000*(Q+T4*Q1+((T4A2/4)*Q2)) 

3980 LET U1=E-U 

3990 LET U2=U1/(0.66*M7+0.25*K1*1000*T4 a 2) 
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>LIST4000 , 4460 

4000 LET U3=Q1+0.5*(U2+Q2)*T4 
4010 LET U4=Q+0.5*(U3+Q1)*T4 
4020 IF S=0 THEN LET U3=0:U4=0 
4030 LET 01=INT(S*lE5+0.5)/lE5 
4040 LET 02=INT (E* 100+0 . 5) / 100 
4050 LET 03=INT (U* 100+0 . 5) / 100 
4060 LET 04=INT(Ul*100+0.5)/100 
4070 LET 05=INT (U2* 1000+0 . 5) / 1000 
4080 LET 06=INT(U3*lE4+0.5)/lE4 
4090 LET 07=INT(U4*lE5+0.5)/lE5 
4100 LET G=01 : PROCtable : PRINT TAB(2-G1);G; 

4110 LET G=02: PROCtable: PRINT TAB(19-G1);G 
4120 LET G=03: PROCtable: PRINT TAB(32-G1) ;G 
4130 LET G=04: PROCtable: PRINT TAB(46-G1);G 
4140 LET G=05: PROCtable: PRINT TAB(57-G1) ;G 
4150 LET G=06: PROCtable: PRINT TAB(66-G1);G 
4160 LET G=07: PROCtable: PRINT TAB(76-G1);G 
4170 LET Q=U4 
4180 LET Q1=U3 
4190 LET Q2=U2 
4200 LET E1=U4 
4210 IF E2<E1 THEN LET E2=E1 
4220 NEXT S 

4230 VDU2 , 1 ,27, 1 ,51 , 1 ,210, 3 : IF A1$= CC Y ,J THEN VDU2 
4240 PRINT: PRINT 

4250 VDU2, 1,27, 1,51,1, 40, 3:IF A1$= CC Y ,J THEN VDU2 
4260 PRINT 

4270 VDU2, 1,27,1, 33, 1,0,3:IF A1$=“Y’ ’ THEN VDU2 
4280 VDU2, 1,27, 1,108,1, 8, 3:IF A1$=“Y” THEN VDU2 

4290 PRINT “*** MAXIMUM DISPLACEMENT OBTAINED FROM INTEGRATION PROCEDURE 



*** 3 3 

4300 LET E3=E2*1000 

4310 LET E4=INT (E3*100+0 . 5) /100 

4320 PRINT 

4330 VDU2, 1,27, 1,106,1, 15, 3:IF A1$= CC Y ,} THEN VDU2 

4340 PRINT f c MAXIMUM CENTRE DISPLACEMENT OF WALL = ,, ;EA; cc mm ,> 

4350 PRINT: PRINT 

4360 PRINT f ‘*** DUCTILITY RATIO ***” 

4370 LET H=E2/(R5/K) 

4380 LET H4=INT(H*100+0.5)/100 
4390 PRINT 

4400 VDU2, 1,27, 1,106,1, 15, 3:IF A1$= CC Y ,} THEN VDU2 
4410 PRINT c c DUCTILITY RATIO = ’ ’ ;H4 
4420 PRINT: PRINT 

4430 PRINT MAXIMUM HINGE ROTATION AT THE SUPPORT ***” 

4440 PRINT 

4450 VDU2, 1,27, 1,106,1, 15, 3:IF A1$= CC Y ,} THEN VDU2 
4460 LET Hl=E2/(L2/2) 

>LIST4470 ,4900 

4470 LET H2=ATN(H1) 

4480 LET H3=H2*360/ (2*3141592654) 

4490 LET H5=INT (H3*100+0 . 5) /100 

4500 PRINT 1 c MAXIMUM HINGE ROTATION AT THE SUPPORT = 5, ;H5; CC DEGREES ’ ’ 
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Program ISOPAR 



Crack 
NCK (1) 
NCK 12] 
NCK (3) 
NCK ft] 
NCK (2) 
NCK (3) 



indicators NCK (1), NCK 12} , NCK (3 } 

— crack normal to the principal stress 

— crack normal to the principal stress 
norcnat to the principal stress 



— crack 

is} 



no cracks 



NCK (1} 
NCK {2) 
NCK (3) 

NCK (1) 
NCK (2) 
NCK (3) 
V. 1 



ill 



cracks open. 



= 2 
= 2 
= 2 



F 5,40 


HCKCiJ-Z 


ns c 




NOtCS) M 





cracked dosed. 



ti 

Cl 



c* 

Ti.Tj 



— stress strain state at 
integrated point 

— principal strains 

— principal stresses 
i — T , 2 • B 

' — limiting tensile 
strength of concrete 

— transformation matrix 



<* <; >o. 

FtitO WC*{t}-Z 
F (ji o NCK <45 * 2 



c 



START 



CALCULATE PWMaWL 
•STRESSES 

or 



CHECK FOR UE.W 
CRACK F0BMAH0H 
* «L » ^ lO(LM 



SHOWN VALUES 






i. S. 




Ft, 4° UCK Cl)' 2 


AND NCK ft.) 




F 6*40 NCK(d* z 


l- 1,2) 




F e * >0 'l 




. _ f NO- 13J*1 

OR «i»Oj 




CRACK COORDINATE 
ffmEM , 1.6. 



V- -5-r anp ei-’jt 

l* 1,2.3 



r e, >0 


HCK.cn - 1 


TP 


IF fc,,o 


NCKCS)- 1 






IF t,40 NCKCIW 
IF NCV£ 2 ). 1 

IF C s >il NCKlsJ* 1 



r «iio 


NCKUW 


. F Vo 


NCK CD- 2 


F 


HCKCS)-i 


<s) 


F t, 40 


«CK(i>-2 


IF ^>0 


Inckczw 


« 1 *2>0 


/ 


rfc,4o 


NCK-CSJ-Z 


<6 


if e,>o 

Wt 


} HOC £0*1 


t H> p 
*(!>« 


} NCKCZ). 1 


F 6,40 


NCK(I)* Z 




CRACK IN PRINCIPAL DIRECTIONS THREE AND ONE 

Du ~ = D-j 4 = 0 



U 11 - “33 “ “12 
D-J3 - D* = D$ 



u 22 



21 " 

Dll=0 

. 0^ Dgj 
°33 




J 31 = “23 : 

I ^2” D 12?12 

Dll 

- P D 44 
= ( D 55 

“66 ‘ P °66 

CRACKS IN ALL THREE PRINCIPAL DIRECTIONS 



44 



°4 

D55 



[ D J = [0 



Presented by www.pdfbooksfree.pk 



Appendix A 



657 



R 



<$i 6 2 63 







4510 PRINT: PRINT: PRINT 
4520 VDU3 

4530 INPUT “DO YOU WANT TO RUN THE INTEGRATION PROCEDURE AGAIN? ENTER Y 
FOR YES AND N FOR NO 55 ;Z1$ 

4540 IF A1$=“Y 55 THEN VDU2 

4550 VDU21: PRINT ‘ ‘DO YOU WANT TO RUN THE INTEGRATION PROCEDURE AGAIN? 5 ’ 
; Zl$ : VDU6 

4560 IF Z1$=“Y 55 THEN GOTO 3650 
4570 PRINT: PRINT 
4580 VDU3 
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4590 INPUT “DO YOU WANT TO RUN THE PROGRAMME AGAIN FROM THE START? ENTER 
Y FOR YES AND N FOR NO 5 5 ; Z$ 

4600 IF A1$=“Y” THEN VDU2 

4610 VDU21: PRINT “DO YOU WANT TO RUN THE PROGRAMME AGAIN FROM THE START 
? 5 5 ; Z$ : VDU6 

4620 IF Z$=“Y“ THEN GOTO 170 
4630 PRINT: PRINT 

4640 PRINT ‘ ‘ *** END *** * 5 

4650 VDU3 
4660 END 

4670 DEF PROCtable 
4680 LET G$=STR$(G) 

4690 LET J=0 

4700 LET J=J+1 

4710 LET G1$=RIGHT$(G$,J) 

4720 LET G2$=LEFT$ (Gl$ , 1) 

4730 LET G7$=LEFT$(G$,1) 

4740 LET G3$=MID$(G$,2,1) 

4750 IF G7$=“- ,J THEN LET G3$=MID$(G$,3, 1) 

4760 IF G2$=“. ,J THEN GOTO 4790 
4770 IF LEN (Gl$) =LEN (G$) THEN GOTO 4810 
4780 GOTO 4700 

4790 LET G1=LEN (G$) -LEN (Gl$) 

4800 IF G2$=“.” THEN GOTO 4820 
4810 LET G1=LEN(G$) 

4820 IF G3$=“E ,} THEN LET Gl=Gl-3 

4830 ENDPROC 

4840 DEF PROCdisplay 

4850 VDU3 

4860 PRINT “PRESS ANY KEY TO CONTINUE (EXCEPT CONTROL KEYS SUCH AS >BREA 
K< , >ESCAPE< , ETC . * * 

4870 key$=GET$ 

4880 CLS 

4890 IF Al$= “ Y’ ’ THEN VDU2 
4900 ENDPROC 



Ottosen Model 



IMPLICIT REAL*8(A-H,0-Z) 

C0MM0N/MTMD3D/DEP (6,6) , STRESS (6) , STRAIN (6) , IPT,NEL 
DIMENSION PAR(3 , 5) ,FS(6,6) ,FSTP0S(6,6) ,PR0P(1) ,SIG(1) , 
<9 DVI1DS (6) ,DVJ2DS(6) ,DVJ3DS(6) ,DVTHDS(6) 

OPEN (UNIT=5 , FILE= ‘ PARAMETERS ’ , STATUS= ( OLD 5 ) 

READ (5 , * , END=3700) ( (PAR(IF , JF) , JF=1 , 5) , IF=1 , 3) 

3700 CLOSE (5) 



PK 


= PROP (3) /PROP (4) 


IP 


= 0 










JP 


= 0 










IF 


(PK 


.LE. 


0 . 


.08) 


IP 


IF 


(PK 


.EQ. 


0 , 


.10) 


IP 


IF 


(PK 


.GE. 


0 . 


.12) 


IP 


IF 


(PK 


.LT. 


0 , 


.10) 


JP 
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IF (PK .GT. 0.10) JP = 2 
IF (IP .EQ. 0) GOTO 3800 
A = PAR (IP, 2) 

B = PAR (IP, 3) 

PK1 = PAR (IP, 4) 

PK2 = PAR(IP,5) 

GOTO 3909 

3800 SUB1 = PK— PAR( JP , 1) 

SUB 2 = PAR( JP + 1,1)— PAR(JP,1) 

A = SUB1* (PAR( JP*1 , 2) — PAR(JP,2) )/SUB2+PAR( JP,2) 

B = SUB1*(PAR(JP*1,3)-PAR(JP,3))/SUB2+PAR(JP,3) 

PK1 = SUB1* (PAR (JP* 1,4) — PAR(JP,4) )/SUB2+PAR(JP,4) 

PK2 = SUB1*(PAR(JP*1,5)-PAR(JP,5))/SUB2+PAR(JP,5) 

3900 VARI1 = SIG(1)+SIG(2)+SIG(3) 

VARJ2 = 1 .0/6.0* ( (SIG(l) — SIG(2) )**2+(SIG(2) — SIG(3) ) **2+ 

0 (SIG(3)-SIG(1))**2)+SIG(4)**2+SIG(5)**2+SIG(6)**2 

VARI13 VARI 1/3.0 

VI131 = SIG(l) — VARI13 

VI132 = SIG(2) — VARI13 

VI 133 = SIG(3) — VARI13 

VARJ3 = VI131* (VI132*VI133— SIG(5) **2) — SIG(4) * (SIG(4) *VI133 

0 — SIG(5)*SIG(5) )+SIG(6) *(SIG(4) *SIG(5) — SIG(6)*VI132) 

VAR3TH = 1 . 5*3 . 0** (0 . 5) *VARJ3/VARJ2**1 . 5 

IF (VAR3TH .GE. 0.0) GOTO 4000 

ALAM = 22 . 0/21 . 0—1. 0/3 . 0*AC0S(— PK2*VAR3TH) 

TOTLAM = PK1*C0S (ALAM) 

DFD3TH = PK1*PK2*VARJ2**0 . 5*SIN (ALAM) / (3 . 0*PR0P (4) * 

0 SIN (ACOS(— PK2*VAR3TH) ) ) 

GOTO 4100 

4000 ALAM = 1.0/3. 0*AC0S (PK2*VAR3TH) 

TOTLAM = PK1*C0S (ALAM) 

DFD3TH - PK1*PK2*VARJ2**0 . 5*SIN (ALAM) / (3 . 0*PR0P (4) * 

0 SIN (ACOS (PK2*VAR3TH) ) ) 

4100 DFDI1 = B/PROP (4) 

DFDJ2 = A/PROP (4) **2+T0TLAM/ (PROP (4) *VARJ2**0 . 5) 

DVI1DS (1) = 1.0 
DVI1DS (2) =1.0 
DVI1DS (3) =1.0 
DVI1DS (4) =0.0 
DVI1DS (5) =0.0 
DVI1DS (6) =0.0 

DVJ2DS (1) = 1 . 0/3 . 0* (2 . 0*SIG(1) — SIG(2) — SIG(3) ) 

DVJ2DS (2) = 1 . 0/3 . 0* (2 . 0*SIG(2) — SIG(l) — SIG(3) ) 

DVJ2DS (3) = 1 . 0/3 . 0* (2 . 0*SIG(3) — SIG(l)— SIG(2)) 

DVJ2DS(4) = 2 . 0*SIG(4) 

DVJ2DS(5) = 2 . 0*SIG(5) 

DVJ2DS(6) = 2 . 0*SIG(6) 

DVJ3DS(1) = 1 . 0/3 . 0* (VI 131* (—VI 132— VI 133) ) +2 . 0*VI132*VI131 — 

(9 2 . 0*SIG(5) **2*SIG(4)**2*SIG(6) **2 

DVJ3DS(2) = 1 . 0/3 . 0* (VI132* (— VI131— VI133) ) +2 . 0*VI131*VI133— 

@ 2 . 0*SIG(6) **2*SIG(4) **2*SIG(5) **2 

DVJ3DS (3) = 1.0/3. 0*(VI133*(— VI131— VI132) ) +2 . 0*VI131*VI132— 

@ 2 . 0*SIG(4) **2*SIG(5)**2*SIG(6) **2 

DVJ3DS(4) = -2.0*VI133*SIG(4)+2.0*SIG(5)*SIG(6) 
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DVJ3DSC5) = -2.0*VI131*SIG(5)+2.0*SIG(4)*SIG(6) 

DVJ3DSC6) = —2 . 0*VI132*SIG(6) +2 . 0*SIG(4) *SIG(5) 

C0NVJ2 = 3.0*3.0**0.5/(2.0*VARJ*1.2) 

VJ3J2 = VARJ3/VARJ2**0.5 

DVTHDS (1) = C0NVJ2* (— 0 . 5*VJ3J2* (2 . 0*SIG(1) — SIG(2)— SIG(3)) + 
@ DVJ3DSC1)) 

DVTHDS (2) = C0NVJ2* ( — 0 . 5*VJ3J2* (2 . 0*SIG(2) — SIG(l)— SIG(3)) + 
@ DVJ3DSC2)) 

DVTHDS (3) m C0NVJ2* (— 0 . 5*VJ3J2* (2 . 0*SIG(3) — SIG(l)— SIG(2)) + 
(§ DVJ3DSC3)) 

DVTHDS (4) m C0NVJ2* (—3 . 0*VJ3J2*SIG(4) +DVJ3DS (4) ) 

DVTHDS (5) = C0NVJ2*(— 3.0*VJ3J2*SIG(5)+DVJ3DS(5)) 

DVTHDS (6) = C0NVJ2* (— 3 . 0*VJ3J2*SIG(6) +DVJ3DS (6) ) 

DO 4200 IS = 1,6 

FS (IS , 1) = DFDI1*DVI1DS(IS)+DFDJ2*DVJ2DS(IS)* 

DFD3TH*DVTHDS (IS) 

4200 FSTPDS (1 , IS) = FS(IS,1) 

RETURN 

END 

Main Program for Non-linear Analysis 

c 

SUBROUTINE NONSTR(TEL , IGAUS,TEM) 

C THIS SUBR. CALC. THE INCREMENTAL 

C AND UPDATED STRESS, LOADING AND UNLOADING 

C AND CRACK FORMATION 

C 

£ INSERT COMMON. FF 
C 

c IF pqint IS ALREADY CRUSHED DO NOT DO ANY CALCULATION 

IF(NCRK(IGAUS , IEL) .EQ.999)G0 TO 555 
C 
C 

C CRACK INDICATOR 

NCR=NCRK ( IGAUS , IEL) 

C LOADING - UNLOADING INDICATOR 

IUNL=IUNLOD (IGAUS , IEL) 

C 

c CRACK WIDTH (IN TERMS OF STRAINS) 

C DO 5 J=1 ,3 

C CRW(J) =CWI ( J , IGAUS) 

C5 CONTINUE 

C 

C COPY ANGL INTO DC 

DO 7 J=1 , 9 

DO ( J) =ANGL ( J , IGAUS , IEL) 

7 CONTINUE 

C 

CALL RZER0(CET,6) 

C 

C STRESSES CURRENT AND TOTAL 
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DO 10 J=1 , 6 

STG ( J) =SIGT ( J , IGAUS , IEL) 

STB(J)=STG(J)+SIG(J) 

10 CONTINUE 

C 

IF(NCR.EQ.O)GO TO 30 
C 

C TRANSFORMATION MATRIX IN CRACK DIRECTIONS 

DO 20 J=1 , 3 

DC1 ( J) =ANGL ( J , IGAUS , IEL) 

DC2 ( J) =ANGL(J+3 , IGAUS , IEL) 

DC3 ( J) =ANGL ( J+6 , IGAUS , IEL) 



20 CONTINUE 

C 

CALL TRANSF (3) 

C TRANSFORM STB STRESS IN CRACK DIRECTION 

C ALSO INCREMENTAL STRESS SIG 



CALL MVECT ( QM , STB , CET ,6,6) 

C 

CALL MVECT(QM,SIG,STC,6,6) 

C 

C TRANSF. TOTAL STRAIN IN CRACK DIR. 

C 

CALL TRANSF (1) 

DO 21 J=1 , 6 
AJ(J)=ECT(J, IGAUS) 

21 CONTINUE 

C 

CALL MVECT ( QM , A J , ECA ,6,6) 

C 

C 

GO TO 50 
C 

30 CONTINUE 

C CALC. PRINCIPAL STRESSES DUE TO STB 

CALL PRINCL (2 , IGAUS , STB) 

CET(l) =PS1 (IGAUS) 

CET (2) =PS2 (IGAUS) 

CET (3) =PS3 (IGAUS) 

KK00=1 

IF(KKOO.EQ. 1)G0 TO 40 



C PRINCIPAL STRAINS 

DO 38 J=1 , 6 
ECB(J)=ECT(J, IGAUS) 

38 CONTINUE 



C 

CALL PRINCL (1, IGAUS, ECB) 
ECA ( 1) =EP1 (IGAUS) 

ECA (2) =EP2 (IGAUS) 

ECA ( 3 ) =EP3 ( I GAUS ) 



40 CONTINUE 

C 

C 

C CALCULATE EQUIVALENT STRAIN 
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C 

EQSTN=SIGEFF(ECB) 



c CHECK FOR CONCRETE CRUSHING 

C EC1=ECA(1)+ECU 

C EC2=ECA(2)+ECU 

C EC3=ECA(3)+ECU 

C IF(EC1 .LT.0.0 .OR. EC2.LT.0.0 .OR. EC3.LT.0.0)G0 TO 888 

C 



CRUSH=EQSTN - ECU 
IF (CRUSH .GT. O.O) GO TO 888 
C 

50 CONTINUE 
C 

C CALC. AND UPDATE CRACK INDICATOR 

C 

C 

CALL CRACK (CET,ECA, NCR, CRW) 

C 

C STORE UPDATED VALUES IN ARRAYS 

NCRK (IGAUS , IEL) =NCR 
DO 41 J=l,9 

ANGL ( J , IGAUS , IEL) =DC ( J) 

41 CONTINUE 
C 

C DO 42 J=l,3 

C CWI (J, IGAUS) =CRW(J) 

C 42 CONTINUE 

C 

IF(NCR.EQ.O)GO TO 110 

DO 105 J=l,3 

DC1 (J) =ANGL ( J , IGAUS , IEL) 

DC2 ( J) =ANGL ( J+3 , IGAUS , IEL) 

DC3 ( J) =ANGL ( J+6 , IGAUS , IEL) 

105 CONTINUE 
CALL TRANSF(l) 

DO 106 J=l,6 
ECB(J)=EC(J) 

106 CONTINUE 
C 

CALL MVECT (QM,ECB,EC,6,6) 

C 

C 

110 CONTINUE 



c G0 T0 APPROPRIATE CONCRETE COMPRESSION CRITERION 

IF (ICOMP.EQ.l)GO TO 98 
C CALC. UNIAXIAL STRAINS 



DO 308 J=l,3 

IF (ENU(J) .LT.l.E— 15)G0 TO 306 
EIU(J)=SIG(J)/ENU(J) 

GO TO 308 
306 CONTINUE 

EIU(J)=0.0 
308 CONTINUE 

c EQUIV. STRESS AT PREVIOUS UNLOADED POINT 
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SEQ=SIGY(IGAUS,IEL) 



c CALC. EFFECTIVE STRESS DUE TO CURRENT 

C AND TOTAL STRESS 



S I GEF2 = S I GEFF (ECT ( 1 , IGAUS) ) 
DO 109 J=l,6 

ECB ( J ) =ECT ( J , I GAUS ) - ECRT ( J ) 
109 CONTINUE 

SIGEF1=SIGEFF (ECB) 
FL0A=SIGEF2— SIGEF1 
IF(IUNL .EQ. 1) GO TO 60 



C IUNL=0 — ON THE EQUIV. CURVE 

C 

IF(SIGEF2 .GE. SEQ)GO TO 43 

C UNLOADING AT THIS POINT 

RFACT= (SEG— SIGEF1) /FLOA 

C NON-LINEAR STRAIN 

DO 35 J=l,6 

ECB (J)=RFACT*EC(J) 

35 CONTINUE 

C MEAN NON-LINEAR STRAIN 

DO 201 J=1 ,3 

ETU(J, IGAUS) =ETU( J , IGAUS) +0 . 5*RFACT*EIU( J) 

201 CONTINUE 

CALL DMATL(STB,IEL, IGAUS, TEM) 

C INCREMENTAL STRESS ASSOCIATED WITH -ECB 

CALL MVECT (DDS,ECB,AJ,6,6) 

C ELASTIC STRAIN 

DO 36 J=1 , 6 

ECB ( J) = (1 . 0-RFACT) *EC ( J) 

36 CONTINUE 

IUNLOD ( IGAUS , IEL) = 1 

C ELASTIC STRESS INCR. 

CALL DMATL(CET, IEL, IGAUS, TEM) 

CALL MVECT (DOS, ECB, STA, 6, 6) 

C TOTAL STRESS INCREMENT 

DO 37 J=1 , 6 
SIG(J)=STA(J)+AJ(J) 

37 CONTINUE 
C 

DO 202 J=l,3 

ETU( J , IGAUS) =ETU( J , IGAUS) +EIU( J) -0 . 5*RFACT*EIU( J) 

202 CONTINUE 
GO TO 99 

43 CONTINUE 

C LOADING AT THIS POINT 

c MEAN UNIAXIAL STRAIN 

DO 203 J=l,3 

ETU(J, IGAUS) =ETU(J, IGAUS) +EIU(J) *0.5 

203 CONTINUE 

CALL DMATLCSTB, IEL, IGAUS, TEM) 

C STRESS INCREMENT 

C 

C CALL MVECT (DDS , EC , SIG ,6,6) 
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C ACCUMULATE TOTAL UNIAXIAL STRAIN 

DO 205 J=l,3 

ETU ( J , I G AUS ) = ETU ( J , I G AUS )+EIU(J)*0.5 

205 CONTINUE 
GO TO 99 

C 

60 CONTINUE 

C NOT ON THE EQUIV. CURVE 

IF(SIGEF2 .GT. SEQ)GO TO 70 

C ELASTIC UNLOADING 

CALL DMATL (CET , IEL , IGAUS , TEM) 

C ELASTIC STRESS 

CALL MVECT (DOS , EC , SIG , 6 , 6) 

C ACCUMULATE UNIAXIAL STRAIN 

DO 206 J=l,3 

ETU( J , IGAUS) =ETU ( J , IGAUS) +EIU( J) 

206 CONTINUE 
GO TO 99 

70 CONTINUE 

C LOADING PARTLY ELASTIC PARTLY NON-LINEAR 

FRAC= ( SEQ - S I GEF 1 ) /FLO A 

C ELASTIC STRAIN 

DO 71 J=1 , 6 
ECB(J)=FRAC*EC(J) 

71 CONTINUE 

CALL DMATL (CET, IEL, IGAUS, TEM) 

CALL MVECT (DDS , ECB , STA ,6,6) 

C STRESS AT THE CURVE 

DO 72 J=1 ,6 
AJ(J)=STG(J)+STA(J) 

72 CONTINUE 

C MEAN UNIAXIAL STRAIN 

DO 207 J=1 ,3 

ETU(J, IGAUS) =ETU( J, IGAUS) +0.5*EIU(J)*(1.+FRAC) 

207 CONTINUE 
C 

IUNLOD (IGAUS , IEL) =0 

C STRAIN ASSOCIATED WITH NON-LINEAR CURVE 

DO 73 J=1 ,6 

ECB ( J) = ( 1 . 0-FRAC) *EC(J) 

73 CONTINUE 

CALL DMATL (AJ, IEL, IGAUS, TEM) 

C STRESS INCR. 

CALL MVECT (DDS, ECB, STB, 6, 6) 

C TOTAL INCREMENTAL STRESS 

DO 74 J=1 ,6 
SIG(J)=STA(J)+STB(J) 

74 CONTINUE 
C 

DO 208 J=l,3 

ETU ( J , IGAUS) =ETU( J , IGAUS) +0 . 5*EIU( J) * ( 1 . -FRAC) 

208 CONTINUE 
GO TO 99 

98 CONTINUE 
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c STRESS INCREMENT ON THE BASIS OF ENDOCHRONIC THEORY 

C 

DO 1223 J=l,6 
SIGG(J)=SIG(J) 

ECC(J)=EC(J) 

1223 CONTINUE 

CALL ENDOST(IEL, IGAUS, SIGG,ECC) 

C 

99 CONTINUE 

IF (NCR. EQ . 0)G0 TO 50 
DO 91 J=1 , 6 

A J ( J) =SIGT ( J , IGAUS , IEL) 

91 CONTINUE 
CALL TRANSF(3) 

CALL MVECT (QM , AJ , STG ,6,6) 

C TRANSFORM LOCAL STRESSES IN GLOBAL DIRN 

CALL TRANSF(2) 

DO 92 J=1 ,6 
STG(J)=STG(J)+SIG(J) 

92 CONTINUE 

C RELEASE STRESSES ACROSS THE OPEN CRACKS 

CALL GETNCK (NCR, NCK) 

IF(NCK(1) .EQ.1)STG(1)=0.0 
IF (NCK (2) .EQ. 1)STG(2)=0.0 
IF (NCK (3) . EQ . 1) STG (3) =0 . 0 
CALL MVECT (QM , STG , STA ,6,6) 

C 

DO 94 J=1 , 6 

SIGT ( J , IGAUS , IEL) =STA ( J) 



94 CONTINUE 

C 

GO TO 999 
90 CONTINUE 

DO 100 J=l,6 

SIGT ( J , IGAUS , IEL) =SIGT ( J , IGAUS , IEL) +SIG ( J) 

100 CONTINUE 
GO TO 999 

888 CONTINUE 

C CRUSHING OF CONCRETE 

NCRK (IGAUS , IEL) =999 

C RELEASE STRESSES 

DO 101 J=l,6 

SIGT ( J , IGAUS , IEL) =0 . 0 

101 CONTINUE 
C 

GO TO 555 
999 CONTINUE 

C CHECK THAT THE CURRENT STATE OF STRESS IS 

C INSIDE THE FAILURE SURFACE 

CALL PRINCL (2 , IGAUS , SIGT ( 1 , IGAUS , IEL) ) 

CET(l) =PS1 (IGAUS) 

CET (2) =PS2 (IGAUS) 

CET (3) =PS3 (IGAUS) 

IF (CET (1) .GT.0.0 . OR . CET (2) . GT . 0 . 0 .0R.CET(3) .GT.O.O) 
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1 GO TO 555 

CALL CONCR1 (CET) 

C IFCIC0MP.EQ.2) CALL C0NCR3(CET) 

BRING=1.0 

IF (FF . GT . 1 . OOO 1 ) BRING=BRING/FF 
DO 553 J=l,6 

SIGT ( J , IGAUS , IEL) =BRING*SIGT ( J , IGAUS , I EL) 

553 CONTINUE 
C 

555 CONTINUE 
RETURN 
END 
C 

SUBROUTINE ASSLOD ( IEL , NER , ELOD) 

£ INSERT COMMON. FF 



C 

C TO ASSEMBLE LOAD VECTOR 

C 

DO 95 J=1,NER 

Ml= (MCODE( J , IEL) — 1)*NDF 

C ELASTO-PLASTIC STRAIN INCR. 

DO 88 J=1 ,3 

ECM ( J) =FPROP*ECM ( J) 



88 CONTINUE 

CALL SBINST (ECM, NSUB , SGMT(1 , IGAUS , II) ) 

C ADD ELASTIC STRESS INCR 

DO 94 J=l— 3 

SGMT ( J , IGAUS ,11) =SGMT ( J . IGAUS ,11) +SGM ( J) 
94 CONTINUE 

NYM (IGAUS , II) =2 
99 CONTINUE 

RETURN 
END 
C 

SUBROUTINE MEMDAT (II, IGAUS , STD) 



£ INSERT COMMON. FF 
C 

C TO CALC. ELAS TO - PLASTIC MATERIAL MATRIX 

C AT STRESS LEVEL, STD FOR MEMBRANE ELEMENTS 

C 

C 

C CALC. ELASTIC MATERIAL MATRIX 

C 

CALL DMEMB 

C CHECK WHETHER CURRENT POINT IS PLASTIC 



IF (NYM (IGAUS, II) .NE. 1)G0 TO 50 
C 
C 

EFF=ZMISE(STD) 

SX=(2.*STD(l)-STD(2))/3. 

SY=(2.*STD(2)-STD(l))/3. 

FAC=EFF/1.5 

C 

C CALC. (DF/D(STD) = AJ 
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AJ(1)=SX/FAC 

AJ(2)=SY/FAC 

AJ(3)=2.*STD(3)/FAC 



C 

c CALC. DENOMINATOR OF PLASTIC MATRIX 

C DENOM=AJ(T)*DJ*AJ + HARDG 

C 



CALL MVECT (D J , A J , STC ,3,3) 
C 

DEN0M=0.0 
DO 10 J=l,3 

DENOM=DENOM+A J ( J) *STC ( J) 



10 CONTINUE 

C 

DENOM=DENOM+HARDG 

C 

C CALC. ELASTO-PLASTIC MATERIAL MATRIX AND 

C STORE IT INTO DJ 

DO 30 J=1 ,3 
DO 20 K=l,3 

D J ( J , K) =DJ ( J , K) -STC ( J) *STC (K) /DENOM 
20 CONTINUE 

30 CONTINUE 

C 

50 CONTINUE 



C 

RETURN 

END 

C 

C 

SUBROUTINE SBINST(ECL,NSUB,STA) 



C STRESS INCR IS CALCULATED USING SUB -INCREMENTAL 

C METHOD, ALSO STRESS STA IS UPDATED 



£ INSERT COMMON. FF 



DIMENSION ECL(l) 

RSUB=NSUB 
DO 3 J=1 ,3 
ECB(J)=ECL(J)/RSUB 
3 CONTINUE 

SIGY1=ZMISE(STA) 

C LOOP OVER SUB-INCREMENTS 

DO 70 ISUB=1,NSUB 

C CALC. ELASTO-PLASTIC MATERIAL MATRIX -DJ 



C 

SX= (2 . *STA (1) — STA(2) ) /3 . 

SY= (2 . *STA (2) -STA ( 1) ) /3 . 

FAC=SIGY1/1.5 

C 

C CALC. (DF/D(STA) = AJ 

AJ(1)=SX/FAC 
AJ(2)=SY/FAC 
AJ(3) = 2 . *STA(3) /FAC 
C 

C CALC. DENOMINATOR OF PLASTIC MATRIX 
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C DENOM=AJ(T)*DJ*AJ + HARDG 

C 

CALL MVECT (D J , A J , STC ,3,3) 

C 

DEN0M=0.0 
DO 10 J=l,3 

DENOM=DENOM+AJ ( J) *STC ( J) 



10 CONTINUE 

C 

DENOM=DENOM+HARDG 

C CALC. ELASTO-PLASTIC MATERIAL MATRIX AND 

C STORE IT INTO DJ 

DO 30 J=l,3 
DO 20 K=l,3 

D J ( J . K) =DJ ( J , K) -STC ( J) *STC (K) /DENOM 
20 CONTINUE 

30 CONTINUE 

C CALC. DLAMB AND EQUIV. PLASTIC STRAIN INCREMENT 

DLAMB=0.0 
DO 64 J=l,3 

DLAMB =DL AMB+STC ( J ) *ECB ( J ) 



64 CONTINUE 

DLAMB=DLAMB/DENOM 



C UNLOADING IS PLASTIC INSIDE A SUBINCREMENTS 

C IF (DLAMB . LT . 0 . 0) CLAMB=0 . 0 



BB=0 . 0 

DO 65 J=l,3 

BB=BB+AJ(J)*STA(J) 

65 CONTINUE 

EQSTN=DLAMB*BB/SIGY1 
CALL MVECT (D J , ECB , STB ,3,3) 

DO 60 J=l,3 
STA(J)=STA(J)+STB(J) 

60 CONTINUE 

C CALC. UPDATED YIELD SURFACE 

SIGY2=ZMISE(STA) 

SIGY1=SIGY1+HARDG*EQSTN 

FACT=1.0 

IF (SIGY2 . GT . SIGY1) FACT=SIGY1/SIGY2 

C UPDATE STRESS VECTOR 

DO 62 J=l,3 
STA(J)=STA(J)*FACT 
62 CONTINUE 
C 

70 CONTINUE 
RETURN 
END 
C 

SUBROUTINE STELST(I) 

£ INSERT COMMON. FF 



C 

C CALC. ELASTO-PLASTIC STRESS INCR AND UDATE 

C CURRENT STRESS AND PLASTIC INDICATOR 



N=LRF(I) 
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C 



C 



C 

C- 

C 

C~ 

C- 

C~ 

C 

C*' 

C*' 

C*' 



c 

40 
C 



45 



C- 



C 



C 

50 



C- 

C 

C- 



C- 



55 



11=1— (NTE1+NTE2) 

T1=SIGGT(I1) 

T2=T1+STRV 

T1=RABS(T1) 

T2=RABS(T2) 

FACL=T2— T1 

IF (FACL . EQ . 0 . 0) GO TO 99 

CHECK FOR LOADING OR UNLOADING AT THIS POINT 

IFdSPL(Il) .EQ.1)G0 TO 40 
POINT ELASTIC BEFORE 
IF(T2.LT. YIELST(I1))G0 TO 50 
TRANSITION ZONE - LOADING 

FRACTION OF ELASTIC STRAIN INCR. 

FRAC= (YIELST(Il) -Tl) /FACL 

ISPL(I1) = 1 

ELASTIC STRESS INCREMENT 
STRV=STRV+FRAC 

STRESS AT YIELD SURFACE 
SIGGT(Il) =SIGGT(I1) +STRV 

PLASTIC STRAIN INCR. 

STRNV= ( 1 . 0-FRAC) *STRNV 
GO TO 45 

CONTINUE 

POINT PLASTIC BEFORE 
IF (T2 . GT . YIELST ( I 1 ) ) GO TO 45 
GO TO 50 
CONTINUE 

EPSMOD=ZESBAR ( I ) 

CALC. PLASTIC STRESS INCR. AND UPDATE STRESS 
STRVPL=STRNV*EPSMOD 
STRV=STRV+STRVPL 
SIGGT(Il) =SIGGT(I1) +STRVPL 

GO TO 99 

CONTINUE 

UNLOADING AT THIS POINT 

CHECK IF POINT WAS PLASTIC IN PREVIOUS ITERATION 
IF(ISPLCII) .EQ.1)G0 TO 55 
SIGGT(Il) =SIGGT(I1) +STRV 
GO TO 99 
CONTINUE 

CHECK THAT THE UNLOADING IS REAL 
STRV=ZESBAR ( I ) *STRNV 
T2=SIGGT(I1) +STRV 
T2=RABS(T2) 

IF(T2 .GT. YIELST (II) ) GO TO 45 



Presented by www.pdfbooksfree.pk 



670 



Appendix A 



FACL=T2— T1 

IF (FACL . EQ . 0 . 0) GO TO 99 
FRAC= ( YIELST (II) — Tl) /FACL 

C PLASTIC STRESS INCR. 

STRPL=FRAC*STRV 
ISPL(Il) =2 
C 

C ELASTIC STRESS INCR. 

STREL=ZESBAR ( I ) * ( 1 . O-FRAC) *STRNV 
STRV = STRPL+ STREL 
C 

SIGGT(Il) =SIGGT (II) +STRV 
99 CONTINUE 

RETURN 
END 
C 

SUBROUTINE INCLNE ( I , NER) 

£ INSERT COMMON. FF 

C 

C 

IF ( JRADL . NE . 0 ) GO TO 10 
IF(NBC.GT.O)GO TO 188 
10 CONTINUE 

JP=NER*NDF 

I1=I-(NTE1+NTE2) 

LET=IDENT(I) 

DO 13 J=1,NER 
I J=MCODE( J , I) 

IF (LET . GT . 2) I J=LCODE( J ,11) 

13 LC(J)=IJ 

DO 3 J=1 ,3 
DO 3 K=1 , 3 
3 C(J,K)=0.0 

IF (JRADL . NE . 0) GO TO 31 
C(1,1)=RC0S(SHY) 

C (2 , 2) =RCOS (SHY) 

C (3 . 3) =1 . 0 
C(l,2) = — RSIM(SHY) 

C (2 , 1) =RSIN (SHY) 

31 DO 132 J=1,NER 

M1=LC(J) 

IF (JRADL . NE . 0) GO TO 17 

M1=(M1-1)*NDF 

JS=0 

DO 26 K=1 , 6 
Q(K,J)=QM(J,K) 

26 CONTINUE 

C 

CALL MPPODT (Q , 0 , OOS ,6,6,6) 

25 CONTINUE 

RETURN 
END 
C 

SUBROUTINE PRINCL ( NEP . M . CET ) 
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£ INSERT COMMON. FF 
C 

C 

C THIS SUBROUTINE CALCULATES THE PRINCIPAL STRAINS 

C PRINCIPAL STRESSES AND DIRECTION COSINES 

C NEP=2 - PRINCIPAL STRESS AND D.C. 

C NEP=1 - PRINCIPAL STRAINS ONLY 

LL=0 

DO 10 J=1 , 6 

IF (RABS (CET ( J) ) . GT . 1 . OE- 15)LL= 1 
10 CONTINUE 

C 

IF(NEP.E0.1)G0 TO 20 
PS1 (M) =0 . 0 
PS2 (M) =0 . 0 
PS3(M)=0.0 
GO TO 30 
20 CONTINUE 

EP1(M)=0.0 
EP2 (M) =0 . 0 
EP3(M)=0.0 
30 CONTINUE 

C 

IF(LL.EQ.O)GO TO 999 
C 

Gl= CET ( 1 ) 

G2= CET (2) 

G3= CET (3) 

G4= CET (4) 

G5= CET (5) 

G6= CET (6) 

ZNV1 = G1 + G2 + G3 

ZNV2 = G1*G2 + G2*G3 + G3*G1 - G4*G4 - G5*G5 - G6*G6 
ZNV3 m Gl+G2*G3+2.0 *G4*G5*G6 -G1*G5*G5 - G2*G5* G6 
1 - G3*G4*G4 

BB = - ZNV1 
CW = ZNV2 
CD = - ZNV3 

C FIND ALL ROOTS OF CUBIC EQUATION AA*X*3 + BB*X*2 + CC*X + DD 

C FIRST ROOT (X5) IS FOUND BY NEWTON’S METHOD USING 0 AS 

C FIRST APPROX. THEN SOLVE QUADRATIC BY STANDARD FORMULA 

C ERR IS THE ACCUR ACY REQUIRED FOR ROOT X5 

ERR = IE- 6 
XI = 0.0 
C0RT=2.0*ERR 
MGG=0 

1000 B1 = BB + XI 
MGG=MGG+1 

IF (MGG . GT . 35) GO TO 2000 

B2 = CW + X1*B1 

IF(RABSCCORT) .LT. ERR) GO TO 2000 

B3 = CD+ XI * B2 

C3 = ( XI + Bl) * XI + B2 

IF ( RABSCC3) .LT. IE-30) C3 = 1.0 
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C0RT=B3/C3 
X1=X1— CORT 
GO TO 1000 
2000 X5 = XI 

C 

C SECOND PART - FIND ROOTS OF QUADRATIC 

C X**2 + B1*X + B2 = 0.0 

C 

DIP = B1*B1 - 4 . 0*B2 
IF (DIP .LT. 0.0) GO TO 3000 
SD = RSORT (DIP) 

X6 : (SD - Bl) * 0.5 
X7 = - (SD + Bl) * 0.5 
GO TO 335 

3000 X6 = — 0.5 * Bl 

X7 = 0.5 * RSQRT (-DIP) 

WRITE (JOUT, 800) I,M 
800 FORMAT (/ , 15X, 9HC ON JUGATE, 215) 

335 CONTINUE 

C PRINCIPAL STRESSES AND DIRECTION COSINES 

C DC1 ,DC2 ,DC3 ARE THE DIRECTION COSINES OF 

C PRINCIPAL STRESSES PS1, PS2, PS3 



IF (X5 


.GE, 


. X6 


.AND 


. X6 


.GE 


. X7) 


GO TO 430 


IF (X5 


.GE. 


X7 


.AND. 


X7 


.GE. 


X6) 


GO 


TO 


431 


IF (X6 


.GE. 


X6 


.AND. 


X5 


.GE. 


X7) 


GO 


TO 


432 


IF (X6 


.GE. 


X7 


.AND. 


X7 


.GE. 


X5) 


GO 


TO 


433 


IF (X7 


.GE. 


X5 


.AND. 


X5 


.GE. 


X6) 


GO 


TO 


434 


IF (X7 


.GE. 


X6 


.AND. 


X6 


.GE. 


X5) 


GO 


TO 


435 



430 XI X5 

X2 X6 

X3 = X7 
GO TO 438 

431 XI = X5 

X2 = X7 
X3 = X6 
GO TO 438 

432 XI = X6 

X2 = X5 
X3 = X7 
GO TO 438 

433 XI = X6 

X2 = X7 
X3 = X5 
GO TO 438 

434 XI = X7 
X2 = X5 
X3 = X6 
GO TO 438 

435 XI = X7 

X2 = X6 
X3 = X5 

438 CONTINUE 

IF(NEP.EQ.1)G0 TO 99 

C PRINCIPAL STRESSES 
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443 
445 

447 

444 



440 

99 

C 

999 



PS1(M)=X1 

PS2(M)=X2 

PS3(M)=X3 

DO 440 IS = 1,3 

GO TO (443 , 445 ,447) ,IS 



ASl 


= 


G1 - 


XI 


AS2 


= 


G2 - 


XI 


AS3 


= 


G3 - 


XI 


GO TO 


444 




ASl 


= 


G1 - 


X2 


AS2 


= 


G2 - 


X2 


AS3 


= 


G3 - 


X2 


GO TO 


444 




ASl 


= 


G1 - 


X3 


AS2 


= 


G2 - 


X3 


AS3 


— 


G3 - 


X3 



CONTINUE 
AK=G4 
BK= G5 
CK= G6 

YAP1=AS2*CK— BK*AK 
YAP2=AK*AK-AS1*AS2 
IF (YAP1 .EQ. 0.0 ) YAP1=1.0 
IF (YAP2 .EQ. 0.0 ) YAP2=1.0 
BJM1 = (BK*BK— AS2*AS3) /YAP1 
BJM2= (AS1*BK— AK*CK) /YAP2 
BJ1 = BJM1*BJM1 
BJ2 = BJM2*BJM2 
ZIP = RSQRT ( BJ1 + BJ2 + 1.0) 
IF ( ZIP .LT. 0.0 ) ZIP=1.0 
DC3(IS) = 1.0 / ZIP 
DC1(IS)= BJM1 * DC3(IS) 
DC2(IS)= BJM2 * DC3CIS) 
CONTINUE 
GO TO 999 
CONTINUE 

PRINCIPAL STRAINS 

EP1(M)=X1 

EP2(M)=X2 

EP3(M)=X3 

CONTINUE 

RETURN 



SUBROUTINE RESIDL(l) 

DIMENSION XJ (6) 

C0MM0N/MEM/SP(20) ,SJ(3,3) 

DIMENSION TF (60) 

COMMON/TOR/ SV(146) ,TE(20) ,CET(6) , CTE , DTIME , TIME 
COMMON/REL/ U(438) ,P(438) ,PP(438) ,UU(438) 

COMMON/AAA/ NEL , NNP , NEQ , NHBD , NBC , NTE1 , NTE2 , NTE3 , NTE4 , 

. NNE1 , NNE2 , NNE3 , NNE4 , NDF , NRF , NRS , DET3 , NGP , INCORE , JRADL 
COMMON/BBB/ D(6,6) ,D1(6,6) ,E(12,3) ,P0IS(12,6) ,MC0DE(128,8) , 
EK(24, 24) ,H(6,24) ,LRF(128) , IDENT(128) 
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COMMON/CCC/ X(146) ,Y(146) ,Z(146) ,NZN(438) ,NFIX(10) 

1 , AST(12) ,EST(12) ,DIA(12) ,SIGT(1,8,6) ,ECR(1,1,1) 

COMMON/CAP/ GE1(27) ,GE2(27) ,GE3(27) ,WE(4) ,W(14) ,NG1 
COMMON/ABC/ PS1(14) ,PS2(14) ,PS3(14) ,SIG(14,6) ,EC(14,6) 

C THIS SUBR. CALCULATES RESIDUAL FORCE DUE TO CREEP 

JP=NNE1*NDF 
CALL DMAT(l) 

DO 13 J=1,JP 
13 TF(J)=0.0 

M=0 

DO 28 J1=1,NG1 
DO 28 J2=1,NG1 
DO 28 J3=1,NG1 
M=M+1 

CALL IS0P2(1, Jl, J2, J3,3,4) 

D0S=DETJ*WE(J1)*WE(J2)*WE(J3) 

DO 18 J=l,6 
SUM=0 . 

DO 17 K=l,6 

17 SUM=SUM+D1 ( J , K) *ECP (M , K) 

18 XJ(J)=SUM 

DO 20 J=1,JP 
SUM=0. 

DO 19 JK=1,6 

19 SUM=SUM+H ( JK , J) *X J ( JK) 

20 TF ( J) =TF ( J) +SUM*DOS 

28 CONTINUE 

C 

DO 35 J=1,NNE1 

Ml = (MCODE ( 1 , J) - 1 ) *NDF 

JJ=(J-1)*NDF 

DO 35 K=1,NDF 

JJ=JJ+1 

M1=M1+1 

35 P (Ml) =P (Ml) +TF ( J J) 

RETURN 

END 



SUBROUTINE ROTATE (NK) 

COMMON/AAA/ NEL , NNP , NEQ , NHBD , NBC , NTE1 , NTE2 , NTE3 , NTE4 , 

1 1 NNE1 , NNE2 , NNE3 , NNE4 , NDF , NRF , NRS , DET J , NGP , INCORE , JRADL 

COMMON/CCC/ X(146) ,Y(146) ,Z(146) ,NZN(438) ,NFIX(10) 

1 ,AST(12) ,EST(12) ,DIA(12) ,SIGT(1,8,6) ,ECR(1,1,1) 
COMMON/REL/ 0(438) ,P(438) ,PP(438) ,UU(438) 

C MULTIPLY BY ROTATION MATRIX IN LOAD VECTOR 

SHY=22 . 5/57 . 29 
CS=COS(SHY) 

SN=SIN(SHY) 

DO 1 JI=1,NNP 
IF ( JRADL. EQ. 1)G0 TO 81 
LK= ( JI — 1) *NDF 
DO 2 KL=1,NDF 
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LK=LK+1 

IF (NZN (LK) . LT . 0) GO TO 4 
2 CONTINUE 

GO TO 1 

81 RR=SQRT(X(JI)*X(JI)+Y(JI)*Y(JI)) 

CS=X(JI)/RR 
SN=Y(JI)/RR 
4 JJ=(JI — 1)*NDF 

IF(NK.EQ.2)G0 TO 50 

S1=P ( J J+l) *CS+P ( J J+2) *SN 

S2=P ( J J+2) *CS-P ( J J+l) *SN 

P(JJ+1)=S1 

P(JJ+2)=S2 

GO TO 1 

50 CONTINUE 

S1=U( JJ+1) *CS— U( JJ+2) *SN 
S2=U(JJ+2)*CS+U(JJ+1)*SN 
U(JJ+1)=S1 
U(JJ+2)=S2 
1 CONTINUE 

RETURN 
END 



SUBROUTINE DMAT(I) 

COMMON/BBB/ D(6,6) ,D1(6,6) ,E(12,3) ,P0IS(12,6) ,MC0DE(128,8) , 

1 EK(24,24) ,H(6,24) ,LRF(128) ,IDENT(128) 

N= LRF(I) 

IF(DIME.EQ.N) RETURN 
LIME=N 

C DUE TO SYMMETRY OF THE COMPLIANCES, THREE RELATION EXIST 
P0IS(N,4) = P0IS(N,1)* E(N, 2) / E(N,1) 

P0IS(N,5) = P0IS(N,2)* E(N,3)/ E(N,2) 

P0IS(N,6) =P0IS(N,3) * E(N,3) / E(N,1) 

RAT = 1- POIS (N ,1)* P0IS(N,4) — P0IS(N,3)* P0IS(N,6)-P0IS(N,2) 
1*P0IS(N,5) — POIS(N, 1) * P0IS(N,2)*P0IS(N,3) - 

2 P0IS(N,4) * P0IS(N,5) * P0IS(N,6) 

13 Dl(l,l)= (1 — P0IS(N,2) * P0IS(N,5) )* E(N,1)/ RAT 

Dl(l,2) = (POIS(N, 1) + P0IS(N,3) * P0IS(N,5) )*E(N,2)/RAT 
Dl(l,3)= (P0IS(N,3) + POIS(N, 1) * P0IS(N,2) )*E(N,3)/RAT 
D1 (2,2)= (1- POIS (N, 3) * POIS (N, 6) )*E(N,2)/RAT 
Dl(2,3)= (P0IS(N,2) + P0IS(N,3)*P0IS(N,4) )*E(N,3)/RAT 
D1 (2 , 1) = Dl(l, 2) 

D1 (3 , 1) s=Dl (1 ,3) 

D1 (3 , 2) = Dl(2,3) 

D1 (3,3)= (1— POIS(N, 1)*P0IS(N,4))* E(N,3)/RAT 
Ell = 0.5 *(E(N,1)/ (1+ POIS(N, 1) ) ) 

E22 = 0.5 * (E(N, 1) / ( POIS(N, 1) + E(N, 1)/E(N,2) ) ) 

D1 (4,4)= 0.5 * (Ell +E22) 

E31 = 0.5 * (E(N,2)/(1+ PQIS(N,2) ) ) 

E32 = 0.5 * (E(N,2)/(E(N,2)/ E(N,3) + P0IS(N,2))) 

D1 (5,5)= 0.5 * (E31+ E32) 

E42 = 0.5 *(E(N,3) /(1+ P0IS(N,6))) 
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E43 = 0.5 * (E(N,3)/(E(N,3)/E(N, 1) + P0IS(N,6))) 
D1 (6,6) = 0.5 * (E42 +E43) 

RETURN 

END 



SUBROUTINE GAUSS 

COMMON/CAP/ GE1(27) ,GE2(27) ,GE3(27) ,WE(4) ,W(14) ,NG1 
COMMON/AAA/ NEL , NNP , NEQ , NHBD , NBC , NTE1 , NTE2 , NTE3 , NTE4 , 

1 NNE1 , NNE2 , NNE3 , NNE4 , NDF , NRF , NRS , DET J , NGP , INCORE , JRADL 
IF (NGP . EQ . 8) GO TO 25 
NG1=3 

GE1(1)=0. 77459666924 
GE2(1)=GE1(1) 

GE3(1)=GE1(1) 

GE1 (3) = -GE1(1) 

GE2(3) = -GEl(l) 

GE3(3)= -GEl(l) 

GE1(2)=0.0 

GE2(2)=0.0 

GE3(2)=0.0 

WE ( 1 ) =0 . 55555555555556 
WE (2) =0 . 88888888888889 
WE(3)=WE(1) 

GO TO 33 
25 CONTINUE 
NG1=2 
WE(1)=1 .0 
WE(2)=1.0 
WE(3)=1.0 

GE1(1)=0. 57735026918 
GE1 (2)= -GEl(l) 

GE2(1)=GE1(1) 

GE2(2)= -GEl(l) 

GE3(1)=GE1 (1) 

GE3(2) = -GEl(l) 

33 CONTINUE 
RETURN 
END 



SUBROUTINE ELSTIF (1) 

COMMON/AAA/ NEL , NNP , NEQ , NHBD , NBC , NTE1 , NTE2 , NTE3 , NTE4 , 

1 NNE1 , NNE2 , NNE3 , NNE4 , NDF , NRF , NRS , DET J , NGP , INCORE , JRADL 
COMMON/CAP/ GE1(27) ,GE2(27) ,GE3(27) ,WE(4) ,W(14) ,NG1 
COMMON/BBB/ D(6,6) ,D1(6,6) ,E(12,3) ,P0IS(12,6) ,MC0DE(128, 8) , 
1 EK(24,24) ,H(6,24) ,LRF(128) , IDENT(128) 

COMMON/CCC/ X(146) ,Y(146) ,Z(146) ,NZN(438) ,NFIX(10) 

1 ,AST(12) ,EST(12) ,DIA(12) ,SIGT(1,8,6) ,ECR(1,1,1) 

DIMENSION ES(3,24),S(3,3),C(3,3) 

SHY=22 . 5 

SHY= (3. 14/180. )*SHY 
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JP=NDF*NNE1 
DO 12 IS =1,24 
DO 12 JS =1,24 
12 EK(IS , JS) =0.0 

CALL DMAT(I) 

IF ( NGP .EQ. 14 ) GO TO 23 
C 

C (2X2X2) AND (3X3X3) GAUSS INTEGRATION 



DO 39 J1 = 1 , NG1 
DO 39 J2 = 1 , NG1 

DO 39 J3 = 1, NG1 

CALL IS0P2 (I , J1 , J2 , J3,3 , 1) 

DOS = WE( Jl) *WE( J2) *WE( J3) *DETJ 
DO 17 Nl = l ,6 
DO 17 N2 =1,6 

17 D (N1 , N2) =D0S*D1 (N1 , N2) 

DO 38 11=1, JP 

DO 38 JJ=1, JP 

IF (II.GT.JJ)GO TO 2522 

EIKJ = 0.0 

DO 37 IJ=1 ,6 

HTDIK = 0.0 

DO 36 JI=1 ,6 

HTDIK = HTDIK + H(JI,II) * D(JI,IJ) 

36 CONTINUE 

EIKJ = EIKJ + HTDIK * H(IJ,JJ) 

37 CONTINUE 

EK(II , JJ) = EK(II,JJ) + EIKJ 
2522 CONTINUE 

38 CONTINUE 

39 CONTINUE 
GO TO 333 

23 CONTINUE 

D021 M=l, NGP 
CALL IS0P2(I ,M,M,M,3, 1) 

C 

C MATERIAL PROPERTY MATRIX ~D" , ~D~ IS MULTIPLIED BY 
C WEIGHTING COEFFICIENTS AND DET. OF JACOBIAN DETJ 
C 



DOS= W(M)*DETJ 
DO 18 Nl = l , 6 
DO 18 N2=l ,6 

18 D(N1 ,N2) =D0S*D1 (N1 ,N2) 

DO 6 11= 1,24 

DO 5 JJ =1, 24 

IF(II .GT. JJ) GO TO 5 

EIKJ =0.0 

DO 4 IJ =1,6 

HTDIK =0.0 

DO 3 JI = 1, 6 

HTDIK = HTDIK + H( JI, II)*D(JI,IJ) 

C 

C H( JI , II) = TRANSPOSE OF H(II,JI) 
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C 

3 

4 

5 

6 

21 

333 



2523 

C 



110 



111 

112 

116 



123 

122 



124 



CONTINUE 

EIKJ =EIKJ +HTDIK *H(IJ,JJ) 
CONTINUE 

EK ( 1 1 , J J ) = EK(II , JJ) +EIKJ 

CONTINUE 

CONTINUE 

CONTINUE 

CONTINUE 

DO 2523 11=1, JP 

DO 2523 JJ=1,JP 

EK(JJ,II)=EK(II, JJ) 

CALL BOUNDC ( JP , NNE1 ,1) 
RETURN 

C(1 , 1) =COS (SHY) 
C(2,2)=C0S(SHY) 

C(l,2)= — SIN(SHY) 

C(2 , 1) =SIN (SHY) 

C(3,3)=1.0 
C(1 , 3) =0 . 

C(3,l)=0. 

C(2,3)=0 . 

C(3,2)=0. 

DO 132J=1,NNE1 

Ml = (MCODE ( I , J) - 1 ) *NDF 

JS=0 

DO 110K=1,NDF 
M1=M1+1 

IF (NZN (Ml) . LT . 0) JS=1 
CONTINUE 

IF(JS.EQ.O)GO TO 132 
IS= ( J— 1) *NDF 
DO 116JI=1 ,NNE1 
JN= ( JI — 1) *NDF 
DO 112N=1,NDF 
DO 112NN=1,NDF 
IJ=JN+NN 
SUM=0 . 

DO 111NJ=1,NDF 
IN=IS+NJ 

SUM=SUM+C (N J , N) *EK (IN , I J) 

ES (N , I J) =SUM 

CONTINUE 

DO 122N=1,NDF 

D0122NN=1,NDF 

SUM=0. 

DO 123NJ=1,NDF 
IN=IS+NJ 

SUM=SUM+ES (N , IN) *C (N J , NN) 

S(N,NN)=SUM 

D0124N=1,NDF 

DO 124NN= 1 , NDF 

IN=IS+NN 

ES(N, IN) =S(N,NN) 
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DO 125KJ=1,NDF 
JM=IS+KJ 
DO 125JK=1,JP 
125 EK ( JM , JK) =ES (K J , JK) 

132 CONTINUE 
RETURN 
END 



SUBROUTINE IS0P2 ( 1 , J1 , J2 , J3 , NEJ , NF) 

COMMON/AAA/ NEL , NNP , NEQ , NHBD , NBC , NTE1 , NTE2 , NTE3 , NTE4 , 

1 NNE1 , NNE2 , NNE3 , NNE4 , NDF , NRF , NRS , DET J , NGP , INCORE , JRADG 
COMMON/DGE/S (20 , 3) , CC (3 , 20) , C (3 , 3) 

COMMON/BBB/ D(6,6) ,D1(6,6) ,E(12,3) ,P0IS(12,6) ,MC0DE(128 , 8) , 
1 EK(24, 24) ,H(6,24) ,LRF(128) ,IDENT(128) 

COMMON/MEM/ SP (20) , S J (3 , 3) 

COMMON/CCC/ X(146) ,Y(146) ,Z(146) ,NZN(438) ,NFIX(10) 

1 ,AST(12) ,EST(12) ,DIA(12) ,SIGT(1,8,6) ,ECR(1,1,1) 

COMMON/CAP/ GE1(27) ,GE2(27) ,GE3(27) ,WE(4) ,W(14) ,NG1 
C 

JP=NNE1*NDF 
DO 80 J=1 , 6 
DO 80 K=1,JP 

80 H(J,K)=0.0 

Sl= 1.0 + GEl(Jl) 

S2= 1.0 - GEl(Jl) 

S3= 1.0 + GE2 ( J2) 

S4= 1.0 - GE2 (J2) 

S5= 1.0 + GE3(J3) 

S6= 1.0 - GE3(J3) 

IF(NNE1 .EQ. 20 .0R.NNE1.EQ.32 ) GO TO 34 
C 

A=0 . 125 

IF (NEJ .GT. 2 )G0 TO 81 
SP(1)=A*S2*S4*S6 
SP(2) = A*S1*S4*S6 
SP(3) =A*S1*S3*S6 
SP (4) =A* S2*S3*S6 
SP(5) =A*S2*S4*S5 
SP(6)=A*S1*S4*S5 
SP(7) =A*S1*S3*S5 
SP(8) =A*S2*S3*S5 
IF (NEJ .EQ. 1) RETURN 

81 CONTINUE 

S(l,l) = - A * S4 * S6 

S (1 , 2) = -A * S2 * S6 

S(l,3) = -A * S4 * S2 

S (2 , 1) = A * S4 * S6 

S (2 , 2) = -A * SI * S6 
S(2,3) = - A * SI * S4 

S(3, 1) = A * S3 * S6 

S(3,2) = A * SI * S6 

S(3,3) = - A * SI * S3 

S (4, 1) = "A * S3 * S6 
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34 



C 

C 



C- 

B2 



S (4, 2) = 
S(4,3) 

S (5 , 1) = 
S (5 , 2) = 
S(5,3) 

S (6 , 1) = 
S (6 , 2) 

S (6 , 3) = 

S (7, 1) = 
S(7,2) as 
S(7,3) 

S(8, 1) = 
S(8,2) = 
S(8,3) = 
GO TO 38 
CONTINUE 



A * S2 * S6 

- A * S2 * S3 

- A * S4 * S5 
-A * S2 * S5 
A * S2 * S4 
A * S4 * S5 
-A * SI * S5 
A * SI * S4 

A * S3 * S5 
A * SI * S5 
A * SI * S3 
- A * S3 * S5 
A * S2 * S5 
A * S2 * S3 



S7= S1*S2 



58 = S3*S4 

59 = S5*S6 

511 = GEl(Jl) 

512 » GE2 ( J2) 

513 = GE3CJ3) 

IF (NNE3 .EQ. 32 ) GO TO 36 
IF (NEJ .GT. 2 )G0 TO 82 



SHAPE FUNCTIONS FOR 20-N0DE ELEMENT 
SP(1) = A* S2* S3 *S6 *(-Sll+ S12— S13-2) 
SP(2) = 2*A* S7* S3*S6 

SP(3) = A* SI* S3* S6*(S11 +S12-S13 -2) 
SP(4) = A*2*S1*S8* S6 

SP(5) = A*S1*S4* S6* (S11-S12 -S13 -2) 
SP(6) = 2*A*S7* S4* S6 

SP(7) = A* S2*S4* S6*(— Sll— S12-S13-2) 

SP(8)= 2*A*S2* S8 *S6 

SP(9) = 2*A*S2*S3* S9 

SP(10) = 2*A*S1* S3* S9 

SP(11)= 2*A*S1* S4*S9 

SP(12)= 2*A*S2*S4* S9 

SP(13) = A* S2* S3* S5*(— Sll +S12 +S13-2) 
SP (14) = 2*A * S7* S3* S5 

SPC15) — A* SI* S3 *S5* (S11+S12+ S13-2) 
SP(16) = 2*A*S1* S8*S5 

SP(17) = A*S1* S4*S5 * ( Sll — S12+S13 -2) 
SP(18) = 2*A* S7* S3*S5 

SP(19)= A*S2*S4 *S5* (— Sll— S12 +S13-2) 

SP(20) = 2*A* S2* S8* S5 



CONTINUE 

IF (NEJ .EQ. 1) RETURN 

S(l,l) = 0.125 * S3 * S6 * (2 . 0*S11+1 . 0— (S12— S13) ) 
S (1 , 2) = 0.125 * S2 * S6* (2 . 0*S12— 1 .0— Sll — S13) 

S (1 , 3) = 0.125* S2*S3* (2 . 0*S13+1 . 0— S12 + Sll) 

S (2 , 1) = -0.5*S11*S3*S6 
S (2 , 2) = 0.25* S7*S6 
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S(2,3) = —0 . 25*S7*S3 

S(3, 1) = 0.125*S3*S6*(2.0*S11-1.0+S12 - S13) 
S(3,2) = 0 . 125*S1*S6* (2 . 0*S12 — 1 . 0+S11 — S13) 
S(3,3) = 0.125*S1*S3*(2*S13 + 1.0- S11-S12) 
S(4, 1) = 0 . 25*S6*S8 
S(4,2) = — 0 . 5*S12*S1*S6 
S(4,3) = - 0 . 25*S1*S8 

S (5 , 2) = 0 . 125*S1*S6* (2*S12 + 1 . 0-S11+S13) 
S(5,3) = 0 . 125*S1*S4* (2*S13+1 . 0— S11+S12) 

S (5 , 1) = 0. 125*S4*S6* (2*S11 — 1 .0— S12 — S13) 

S (6 , 1) = -0.5*S4*S6*S11 
S(6,2) = — 0.25*S7*S6 
S(6,3) = -0.25 * S7*S4 

S(7, 1) = 0 . 125*S4*S6* (2*S11+1 . 0+S12+S13) 

S (7 , 2) = 0.125*S2*S6*(2.0*S12+1.0+S11+S13) 
S(7,3) = 0.125*S2*S4*(2.0*S13+1.0+S11+S12) 

S (8 , 1) = - 0 . 25*S8*S6 

S (8 , 2) =-0 . 50*S12*S2*S6 
S(8,3) = - 0.25* S2 * S8 

S (9 , 1) « - 0 . 25*S3*S9 

S (9 , 2) = 0 . 25*S2*S9 

S(9,3) = -0.5*S13*S2*S3 
S(10,l) = 0 . 25*S3*S9 

S(10,2) = 0.25*S1*S9 

S ( 10 , 3) =-0 . 5*S13*S1*S3 
S(ll,l) = 0.25*S4*S9 

S(ll,2) = -0.25*S1*S9 
S(11,3)=-0.5*S1*S4*S13 
S (12 , 1) = -0.25*S4*S9 
S (12 , 2) = -0 . 25*S2*S9 
S ( 12 , 3) =-0 . 5*S13*S2*S4 

S (13 , 1) =0 . 125*S3*S5* (2*S11+1 . 0— S12-S13) 
S(13,2)= 0. 125*S2*S5* (2*S12— 1 . 0+S13— Sll) 
S(13,3)=0. 125*S2*S3* (2 . 0*S13— 1 .0+S12 — Sll) 
S(14,l)= — 0 . 5*S11*S3*S5 
S(14,2) = 0. 25*S7*S5 
S(14,3)= 0 . 25*S7*S3 

S (15 , 1) =0 . 125*S3*S5* (2 . 0*S11+S12+S13- 1.0) 
S(15,2)=0.125*S1*S5*(2.0*S12+S11+S13-1.0) 

S (15 ,3) =0 . 125*S1*S3* (2 . 0*S13+S11+S12— 1 . 0) 
S(16, 1) = 0 . 25*S8*S5 
S(16,2)= — 0 . 5*S12*S1*S5 
S(16,3) = 0 . 25*S8*S1 

S (17 , 1) =0 . 125*S4*S5* (2 *S11+S13-S12 -1.0) 
S(17,2) =0 . 125*S1*S5* (2 . 0*S12— Sll -S13+1.0) 
S(17,3) =0 . 125*S1*S4* (2 . 0*S13 +S11-S12-1 . 0) 

S (18 , 1) =-0 . 5*S4*S5*S11 
S(18,2)= -0 . 25*S7*S5 
S(18,3)= 0 . 25*S7*S4 

S(19,l)= 0 . 125*S4*S5* (2 . 0*S11+S12— S13+1 . 0) 
S(19,2)=0.125*S2*S5*(2.0*S12+S11-S13+1.0) 
S(19,3)=0.125*S2*S4*(2.0* S13-S11-S12-1 . 0) 
S(20,l)= - 0 . 25*S8*S5 
S(20,2)= — 0 . 5*S12*S2*S5 
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S(20,3) = 0 . 25*S2*S8 
GO TO 38 
36 CONTINUE 

38 CONTINUE 

P1=0.0 
P2=0.0 
P3=0.0 
P4=0.0 
P5=0.0 
P6=0 . 0 
P7=0.0 
P8=0.0 
P9=0.0 

DO 44 J = 1 ,NNE1 
Ml = MCODE(I , J) 

PI = PI + S(J,2)*Y(M1) 

P2 = P2 + S(J,3)*Z(M1) 

P3 = P3 + S(J,2)*Z(M1) 

P4 = P4 + S(J,3)*Y (Ml) 

P5 = P5 + S(J,1)*Z(M1) 

P6 = P6 + S(J,1)*Y(M1) 

P7 = P7 + S(J,3)*X(M1) 

P8 = P8 + S(J,2)*X(M1) 

P9 = P9 + S ( J , 1) *X(M1) 

44 CONTINUE 

SJ(1,1) = P1*P2-P3*P4 
SJ(1,2)= P3*P7 — P8* P2 
SJ(1,3) = P8*P4 — P1*P7 
SJ (2,1)= P4*P5— P2*P6 
SJ (2 , 2) =P2*P9— P5*P7 
SJ (2,3)= P7*P6— P4*P9 
SJ (3,1)— P6*P3 - P5*P1 
SJ (3,2) ~ P5*P8— P9*P3 
SJ (3,3) = P9*P1 - P6*P8 
IF (NEJ .EQ. 2) RETURN 
C DETERMINANT OF JACOBIAN 
C 

DETJ = (P9 * (PI* P2 - P3 * P4 ) + P8 * ( P4 * P5 - P2 * P6) 
1 + P7 * ( P3 * P6 — PI * P5)) 

IF (DETJ .LE. O.O) WRITE (3, 133) 1 
C 

C JACOBIAN INVERSION 
C 

DO 75 Nl=l,3 
DO 75 N2 =1,3 

75 C (N2 , Nl) =S J (N1 ,N2) /DETJ 

C 

DO 45 K=1 ,3 
DO 45 J=1,NNE1 
CC(K, J)=0.0 

45 CONTINUE 
C 

DO 47 K=1 , 3 
DO 47 J=1,NNE1 
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DO 46 Nl=l,3 

46 CC(K,J) = CC(K,J) + C(K,N1)*S(J,N1) 

47 CONTINUE 

C 

C STRAIN-DISPLACEMENT MATRIX 

DO 54 N1=1,NNE1 
N2 = (N1-1)*NDF 
LI = N2+1 
L2 = N2+2 
L3=N2+3 

H(1,L1)=CC(1,N1) 

H(4,L1+1)=CC(1,N1) 

H(6,L1+2)=CC(1,N1) 

H(2,L2)=CC(2,N1) 

H(4,L2— 1)=CC(2,N1) 

H(5,L2+1)=CC(2,N1) 

H(3,L3)=CC(3,N1) 

H(5,L3— 1)=CC(3,N1) 

H(6,L3-2)=CC(3,N1) 



54 CONTINUE 

IF(NF .EQ. 4) RETURN 
C 

C MODIFY ~IT MATRIX FOR INCLINED BOUNDARY CONDITIONS 

C 



PHI=22 . 5*3 . 14155/180 . 0 
CS=COS(PHI) 

SN=SIN (PHI) 

DO 68 J=1 ,NNE1 
IF ( JRADL . EQ . 1 ) GO TO 63 
JH= (MCODE ( I , J) — 1 ) *NDF 
DO 332KP=1,NDF 
JH=JH+1 

IF(NZN(JH) .LT.O)GO TO 64 
332 CONTINUE 
GO TO 68 

63 M1=MC0DE(I,J) 

RR=SQRT (X(M1) *X(M1)+Y (Ml) *Y (Ml) ) 

CS=X(M1)/RR 

SN=Y(M1)/RR 

64 NJ= J 

N2= (NJ— 1) *NDF 

L1=N2+1 

L2=N2+2 

L3=N2+3 

C1=CC(1,NJ) 

C2=CC(2,NJ) 

C3=CC(3,NJ) 

C 

H(1,L1)=CS*C1 

H(1,L2)=-SN*C1 

H(2,L1)=SN*C2 

H(2,L2)=CS*C2 

H(3,L3)=C3 

H(4,L1)=CS*C2+SN*C1 
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H(4,L2)=CS*C1-SN*C2 

H(5,L1)=SN*C3 

H(5,L2)=CS*C3 

CDMMON/FF/ SIGG1 (110) ,SIGG2(110) 

COMMON/TQR/ SV(146) ,TE(20) ,CET(6) , CTE , DTIME , TIME 
COMMON/BBB/ D(6,6) ,D1(6,6) ,E(12,3) ,P0IS(12,6) ,MC0DE(128,8) , 

1 EK(24,24) ,H(6,24) ,LRF(128) , IDENT(128) 

COMMON/ ABC/ PSI(14) ,PS2(14) ,PS3(14) ,SIG(14,6) ,EC(14,6) 

1,DC1(14,3), DC2(14,3), DC3(14,3) ,ECP(14,6) 

COMMON/LID/ SK(438,84) 

COMMON/BON/ NNODE, NEUB , NETB , NBLOK , NDISK1 ,NDISK2 ,NDISK3 
COMMON/REL/ U(438) ,P(438) ,PP(438) ,UU(438) 

COMMON/CCC/ X(146) ,Y(146) ,Z(146) ,NZN(438) ,NFIX(10) 

1 , AST(12) ,EST(12) ,DIA(12) ,SIGT(1,8,6) ,ECR(1,1,1) 

COMMON/AAA/ NEL , NNP , NEQ , NHBD , NBC , NTE1 , NTE2 , NTE3 , NTE4 , 

1 NNE1 , NNE2 , NNE3 , NNE4 , NDF , NRF , NRS , DEI J , NGP , INCORE , JRADL 
COMMON/CAP/ GE1 (27) ,GE2(27) ,GE3(27) ,WE(4) ,W(14) ,NG1 
C ISOPARAMETRIC ELEMENTS REPRESENT CONCRETE OF THE VESSEL 

C 

C LINE ELEMENTS REPRESENT PRESTRESSING CABLES AND REINFORCEMENTS 
C LINKAGE ELEMENTS REPRESENT NON-LINEAR BOND 

OPEN (UNIT=20 , DEVICE^ ‘DSK* , ACCESS^ ‘ SEQINOUT 5 , FILE= ‘ NSA20 . TMP \ 

1 DISPOSE= e DELETE ’ ,PROTECTION= ‘ ‘Oil) 

OPEN (UNIT=21 , DEVICE^ ‘ DSK \ ACCESS= ‘ SEQINOUT J 
1 , FILE= e NSAR2 1 . TMP J , DISPOSE^ ‘ DELETE * ,PROTECTION= f ‘ Oil) 

OPEN (UNIT=22 , DEVICE= ( DSK 3 ,ACCESS= f SEQINOUT 5 , FILE = c NSAR22 . TMP 5 , 
1 DISPOSE^ ‘ DELETE ’ ,PROTECTION= “Oil) 

IELST=1 
IELST=0 
CALL INPUT 
DO 500 I=1,NTE1 
DO 500 J=1,NGP 
DO 500 K=l,6 
SIGT(I, J,K)=0.0 
ECR(1,J,K)=0. 

500 CONTINUE 

DO 501 J=1,NGP 
PS1(J)=0. 

PS2 ( J) =0 . 

PS3(J)=0. 

D0501K=1,6 

SIG(J,K)=0. 

EC(J,K)=0.0 

501 CONTINUE 
CALL GAUSS 
CALL ASSEMB 
CALL DECOMP 

DO 1000 NPR= 1 , 1 
CALL LOAD 
CALL ROTATE (1) 

DO 3 JJ=1,NEQ 

IF ( NZN(JJ) .NE. 0 ) P(JJ)=0.0 
3 CONTINUE 

NLI=0 
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502 CONTINUE 

NLI=NLI+1 

TIME=0. 

IF(NGI.EQ.1)G0 TO 612 
IF ( IELST . EQ . 0) GO TO 612 

C SPECIFY A TIME INCREMENT IN DAYS 

C DTIME=0 . 777 TO TERMINATE THE ITERATION 

READ (1, 507) DTIME 
IF (DTIME— 0 . 777) 549 , 550 , 549 

507 FORMAT (FO.O) 

549 CONTINUE 

WRITE (3, 508) DTIME 

508 FORMAT (///, 40X, f TIME INCREMENT (IN DAYS) = ’ ,F12 . 5) 



TIME=TIME+DTIME 

TT=TIME 

DT=DTIME 

DO 509 I=1,NTE1 

CALL CREEP ( I , DT , TT , 2 ) 

C DO 510J=1,NGP 

C DO 510 K=1 , 6 

C510 ECR(I,J,K)=ECR(I,J,K)+ECP(J,K) 

CALL RESIDL(I) 

509 CONTINUE 

CALL ROTATE (1) 

612 CONTINUE 

CALL RHVECT 
CALL RESOLV 

c TRANSFORM INCLINED DISPL. IN GLOBAL SYSTEM- 

CALL ROTATE (2) 

DO 503 J=1,NEQ 
P(J)=0. 

503 UU(J)=UU(J)+U(J) 

DO 504 1=1, NEL 

CALL STRESS ( I, NLI) 

GO TO (515,515,516) IDENT(I) 

515 CONTINUE 

DO 505 J=1,NGP 
DO 505 K=l,6 

SIGT(1,J,K)=SIGT(1, J,K)+SIG(J,K) 

505 CONTINUE 

GO TO 504 

516 CONTINUE 
SIGG2(I)=SIGG2(I)+SIGG1(I) 

504 CONTINUE 
CALL OUTPUT 

IF (IELST. EQ.O) GO TO 550 
GO TO 502 
550 CONTINUE 

1000 CONTINUE 

CLOSE (UNIT=20) 

CLOSE (UNIT=21) 

CLOSE (UNIT=22) 

STOP 
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END 

COMMON/FF/ SIGGl(llO) ,SIGG2(110) 

COMMON/TOR/ SV(146) ,TE(20) ,CET(6) , CTE , DTIME , TIME 
COMMON/BBB/ D(6,6) ,D1(6,6) ,E(12,3) ,PDIS(12,6) ,MC0DE(128,8) , 

1 EK(24, 24) , H (6 , 24) , LRF ( 128) , IDENT ( 128) 

COMMON/ABC/ PS1(14) ,PS2(14) ,PS3(14) ,SIG(14,6) ,EC(14,6) 

1 ,DC1 (14,3) , DC2(14,3), DC3(14,3) ,ECP(14,6) 

COMMON/LID/ SK(438,84) 

COMMON/BON/ NNODE, NEUB , NETB , NBLOK , NDISK1 ,NDISK2 ,NDISK3 
COMMON/REL/ U(438) ,P(438) ,PP(438) ,UU(438) 

COMMON/CCC/ X(146) ,Y(146) ,Z(146) ,NZN(438) ,NFIX(10) 

1 , AST(12) ,EST(12) ,DIA(12) ,SIGT(1,8,6) ,ECR(1,1,1) 

CDMMQN/AAA/ NEL , NNP , NEQ , NHBD , NBC , NTE1 , NTE2 , NTE3 , NTE4 , 

1 NNE1 , NNE2 , NNE3 , NNE4 , NDF , NRF , NRS , DET J , NGP , INCQRE , JRADL 
COMMON/ CAP/ GE1(27J,GE2(27) ,GE3(27) ,WE(4) ,W(14) ,NG1 
C ISOPARAMETRIC ELEMENTS REPRESENT CONCRETE OF THE VESSEL 
C 

C LINE ELEMENTS REPRESENT PRESTRESSING CABLES AND REINFORCEMENTS 
C LINKAGE ELEMENTS REPRESENT NON-LINEAR BOND 

OPEN (UNIT=20 ,DEVICE= C DSK* ,ACCESS=‘ SEQINOUT* ,FILE=‘NSA20.TMP* , 

1 DISPOSE= f DELETE * , PROTECTION^ ‘Oil) 

OPEN (UNIT=21 , DEVICE^ c DSK * , ACCESS^ ‘ SEQINOUT * 

1 , FILE= ‘ NSAR2 1 . TMP * , DISPOSE= ‘DELETE* PROTECTIONS 4 ‘ Oil) 

OPEN (UNIT=22 , DEVICE= ‘ DSK * , ACCESS= ‘ SEQINOUT * , FILE= ‘ NSAR22 . TMP ’ , 
1 DISPOSE= ‘DELETE* ,PROTECTION= ‘ ‘ Oil) 

IELST=1 
IELST=0 
CALL INPUT 
DO 500 I=1,NTE1 
D0500 J=1,NGP 
DO 500 K=l,6 
SIGT(I,J,K)=0.0 
ECR(1,J,K)=0. 

500 CONTINUE 

DO 501 J=1,NGP 
PS1(J)=0. 

PS2(J)=0. 

PS3(J)=0. 

D0501K=1,6 

SIG(J,K)=0. 

EC ( J ,K) =0 . 0 

501 CONTINUE 
CALL GAUSS 
CALL ASSEMB 
CALL DECOMP 

DO 1000 NPR= 1 , 1 
CALL LOAD 
CALL ROTATE (1) 

DO 3 JJ=1,NEQ 

IF ( NZN(JJ) .NE. 0 ) P(JJ)=0.0 
3 CONTINUE 

NLI=0 

502 CONTINUE 
NLI=NLI+1 
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TIME=0 . 

IF(NLI.EQ.1)G0 TO 612 
IF ( IELST . EQ . 0) GO TO 612 

c SPECIFY A TIME INCREMENT IN DAYS 

C DTIME=0 . 777 TO TERMINATE THE ITERATION 

READ (1, 507) DTIME 
IF (DTIME— 0 . 777) 549 , 550 , 549 

507 FORMAT (FO.O) 

549 CONTINUE 

WRITE (3, 508) DTIME 

508 FORMAT (///, 40X, f TIME INCREMENT (IN DAYS) = * ,F12 . 5) 



TIME=TIME+DTIME 

TT=TIME 

DT=DTIME 

DO 509 I=1,NTE1 

CALL CREEP ( I , DT , TT , 2 ) 

C DO 510J=1,NGP 

C DO 510 K=l,6 

C5 10 ECR ( I , J , K) =ECR ( I , J , K) +ECP ( J , K) 

CALL RESIDL(I) 

509 CONTINUE 

CALL ROTATE (1) 

612 CONTINUE 

CALL RHVECT 
CALL RESOLV 

C TRANSFORM INCLINED DISPL. IN GLOBAL SYSTEM- 

CALL ROTATE (2) 

DO 503 J=1,NEQ 
P(J)=0. 

503 UU(J)=UU(J)+U(J) 

DO 504 1=1, NEL 

CALL STRESS ( I, NLI) 

GO T0(515,515,516)IDENT(1) 

515 CONTINUE 

DO 505 J=1,NGP 
DO 505 K=l,6 

SIGT(1,J,K)=SIGT(1,J,K)+SIG(J,K) 

505 CONTINUE 

GO TO 504 

516 CONTINUE 

SIGG2 (I) =SIGG2 (I) +SIGG1 (I) 

504 CONTINUE 
CALL OUTPUT 

IF ( IELST . EQ . 0) GO TO 550 
GO TO 502 
550 CONTINUE 

1000 CONTINUE 

CLOSE (UNIT=20) 

CLOSE (UNIT=21) 

CLOSE (UNIT=22) 

STOP 

END 
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SUBROUTINE FLOWCFF ,A1) 

COMMON/ JJ/ELE(100) 

DIMENSION AA1 (6) , AA2(6) , AA3(6) , Al(6) ,A2(6) 

COMMON/AAA/ NEL , NNP , NEQ , NHBD , NBC , NTE1 , NTE2 , NTE3 , NTE4 , CCC , CCT , 
1 NNE1 , NNE2 , NNE3 , NNE4 , NDF , NRF , NRS , DET J , NITER , NLY , NTYPE , YY1 , YY2 
CCY=0.7*CCC 
AKF = CCT/CCC 



IF ( 


AKF 


.EQ. 


0. 


.08) 


GO 


TO 


41 


IF ( 


AKF 


.EQ. 


0, 


.10) 


GO 


TO 


42 


IF ( 


AKF 


.EQ. 


0. 


.12) 


GO 


TO 


43 



41 AMM = 1.8076 

BMM = 4.0962 
CMM = 14.4863 
DMM = 0.9914 
GO TO 44 

42 AMM = 1.2759 

BMM = 3.1962 
CMM = 11.7365 
DMM = 0.9801 
GO TO 44 

43 AMM = 0.9218 

BMM = 2.5969 
CMM = 9.9110 
DMM = 0.9647 

44 CONTINUE 

ZNZ2= A1(1)+A1(2)+A1(3) 

ZNZ1=0 . 33333334*ZNZ2 

551 = Al(l) — ZNZ1 

552 = A1 (2) — ZNZ1 

553 = A1 (3) — ZNZ1 
C 

C ZNY2, ZNY3 ARE SECOND AND THIRD INVARIANTS OF 

C DEVIATORIC STRESSES 

C 

ZNY2 = 0.5 * ( SSI * SSI + SS2 * SS2 + SS3*SS3) + A1(4)*A1(4) 

1 + Al(5)* A1 (5) + A1 (6) * A1 (6) 

IF (ZNY2 .EQ. 0.0 > ZNY2=1.0 

ZNY3 = SS1*SS2*SS3 + 2 . 0*A1 (4) *A1 (5) *A1 (6) 

1 - SS1*A1(5) * A1 (5) - SS2*A1 (6) *A1 (6) 

1 - SS3 *A1(4) * A1 (4) 

Q0S3 = 1.50*1.732 * ZNY3 / (ZNY2**1.50) 

IF(Q0S3 .GE. 0.0) GO TO 46 

LAMD = CMM * COS (1.047 - ACOS (-DMM*Q0S3) *0 . 3334) 

GO TO 47 

46 LAMD = CMM * COS (0.3334* ACOS (DMM * Q0S3)) 

47 FF = AMM*ZNY2/(CCY*CCY ) *LAMD*SQRT(ZNY2)/CCY+ BMM*ZNZ2/CCY-1 . 0 
GO TO 17 

2 CONTINUE 

C MOHR COULOMB YIELD CRITERIA 

C 

AJ1=A1(1)+A1(2)+A1(3) 

AJ=AJl/3.0 
SX=A1 (1) — AJ 
SY=A1 (2) — AJ 
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SZ=A1(3)-AJ 

AJ2=0 . 5* (SX*SX+SY*SY+SZ*SZ) +A1 (4) +A1 (4) +A1 (5) *A1 (5) +A1 (6) *A1 (6) 
100 FORMAT (// , 5X , 5F12 . 3) 

WRITE (2 . 100) A J1 , SX , SY , SZ , A J2 
FF=3 . 0*AJ2+CCY*AJl+0 . 2*AJ1*AJ1 
FF=3.0*FF 
FF=FF— CCY**2 
AJ2=SQRT(AJ2) 

FF=SQRT (3) *AJ2— CCY 
17 CONTINUE 
RETURN 
END 



SUBROUTINE INPUT 

COMMON/GSS/ ZETA(27), ETA(27), ZI(27), W(27) , NGP 
COMMON/AAA/ NEL , NNP , NEQ , NHBD , NBC , NTE1 , NTE2 , NTE3 , NTE4 , CCC , CCT , 

1 NNE1 , NNE2 , NNE3 , NNE4 , NDF , NRF , NRS , DET J , NITER , NLI , NTYPE , YY1 , YY2 
COMMON/CCC/ X(125) ,Y(125) ,Z(125) ,NFIX(55) ,NZN(55) , 

1 ASTC12) ,EST(12) ,DIA(12) ,ELINE(6,6) ,ELINK(6,6) 

COMMON/BBB/ D(6,6) ,D1(6,6) ,E(12,3) ,P0IS(12,6) ,MC0DE(20,8) , 

1 EK(24,24) ,H(6 , 24) ,LRF(20) , IDENT(20) 

COMMON/BPP/ BS1(20) ,BS2(20) ,BS3(20) ,SL1(20) ,SL2(20) ,SL3(20) 
COMMON/BIR/ SLOPH , SLOPV , SLOPS , NPOINTS , ELE ( 20) 

COMMON/OOO/ FF, ECU, BETA 
C INPUT DATAS FOR ISOPARAMETRIC ELEMENT 
C 

C READ AND PRINT NODAL CO-ORDINATES 

C 

READ ( 1 , 10) NNP , NTE1 , NTE2 , NTE3 , NNE1 , NNE2 , NNE3 , NRF , NBC , NDF , NGP , NRS , 

1 NNE4 ,NTE4 

NEL = NTE1+NTE2+NTE3+NTE4 

WRITE (2,15) NEL , NNP , NTE1 , NTE2 , NTE3 , NNE1 , NNE2 , NNE3 , NRF , NBC , NDF , NGP 
1, NRS 

WRITE (2, 30) 

DO 8 1= 1 ,NNP 

READ (1,40) X(I), Y (I) ,Z(I) 

B WRITE (2 , 50) I, X(I) ,Y(I) ,Z(I) 

C 

C READ AND PRINT CONNECTIVITY ARRAYS 
C 

WRITE (2, 60) 

NEXT =NTE1+1 

NUMB = NTE1 + NTE2 

JNUMB = NUMB + 1 

MAMP = NTE1 + NTE2+NTE3 

JMAM = MAMP + 1 

IFCNTEl .EQ. 0)G0 TO 312 

DO 3 I = 1, NTE1 

READ (1,65) (MCODE(I , J) ,J=1,NNE1) ,LRF (I) , IDENT(I) 

3 WRITE ( 2 , 66 ) I , (MCODE ( I , J) , J= 1 , NNE1 ) , LRF ( I ) , IDENT ( I ) 

312 CONTINUE 

IF (NTE2 .EQ. 0) GO TO 313 
DO 7 I = NEXT, NUMB 
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READ ( 1 , 1 06 ) ( MODDE ( I , J ) , J = 1 , NNE2 ) , LRF ( I ) , I DENT ( I ) 

7 WRITE(2, 107)1, (MCODECI, J),J = 1 ,NNE2) ,LRF(I) , IDENT(I) 

313 CONTINUE 

IF(NTE3 .EQ. 0) GO TO 57 
DO 56 I = JNUMB , MAMP 

READ (1,67) (MCODECI, J) , J=1,NNE3) ,LRF(I) , IDENT(I) 

56 WRITE (2 , 68) I, (MCODE(I, J) , J=1 ,NNE3) , LRF (I) , IDENT(I) 

57 CONTINUE 

IF(NTE4 .EQ. 0) GO TO 311 
DO 13 I = JMAM, NEL 

READ (1,69) (MCODE(I, J) ,J=1,NNE4) , LRF(I) , IDENT(I) 

13 WRITE(2,70)I, (MCODE(I , J) , J=1 ,NNE4) , LRF (I) , IDENT(I) 

311 CONTINUE 

C 

C CALCULATE HALF - BANDWIDTH 

C 

JHBD = 1 

DO 266 1 = 1, NEL 

LET = IDENT(I) 

GO TO (256,257,258,260) LET 

256 NER = NNE1 

GO TO 259 

257 NER = NNE2 

GO TO 259 

258 NER = NNE3 

GO TO 259 

260 NER=NNE4 

259 MET = 10000 

JET = 1 

DO 266 J = 1, NER 

IF (MCODE(I , J) .LT. MET) MET = MCODE(I,J) 

IF (MCODECI, J) .GT. JET) JET = MCODE(I,J) 

IF ((JET - MET). GT. JHBD) JHBD = (JET - MET ) 

266 CONTINUE 

NHBD = (JHBD + 1)*NDF 
WRITE (2, 207) NHBD 
WRITE (2, 75) 

DO 11 I = 1, NRF 

READ(1, 80) ( E(I, J), J=1,3),(P0IS(I,M),M=1,3) 

11 WRITE (2, 85) I, ( E(I , J) , J=1 ,3) , (POIS(I ,M) ,M=1 ,3) 

WRITE (2, 90) 

DO 12 I = 1, NBC 
READ(1 ,95)NZN(I) , NFIX(I) 

12 WRITE(2, 100) NZN(I) ,NFIX(I) 

C 

C READ YOUNG’S MODULUS FOR PRESTRESSING STEEL 

WRITE (2,81) 

DO 14 I =1 , NRS 

READ ( 1 , 71) EST(I) , DIA(I) 

14 WRITE (2 , 72) I , EST(I) , DIA(I) 

C 

C READ PLASTIC CONSTANTS 

C 

READ (1,31) CCC , CCT , YY1 , YY2 , BETA , ECU , NLI , NTYPE 
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31 

C- 

C 



356 



358 



307 

211 

212 

213 

214 
216 

217 

218 
32 



C 

C 

C 

C 

10 

15 



30 

40 



FORMAT (6F0. 0,210) 

WRITE (2 , 32) CCC , CCT , YY1 , YY2 , BETA , ECU , NLI , NTYPE 
READ DATAS OF BOND LINKAGE ELEMENTS- 



READ(1 ,211) NPOINTS 

IF (NPOINTS . EQ . 0) GO TO 307 

WRITE(2,216) 

DO 356 1=1, NPOINTS 
READ(1, 217) BS1(I), SL1(I) 
WRITE(2 ,218) I ,BS1 (I) , SL1 (I) 
WRITE(2,212) 

DO 358 I=1,NTE4 
READ (1,213) ELE(I) 

WRITE (2, 2 14) I, ELE(I) 
SL0PS=8. 0**10 



SLOPV =8. 0**10 



SLOPH= (BS1 (2) -BS1 (1) ) / (SL1 (2) -SL1 (1) ) 

CONTINUE 
FORMAT (10) 

FORMAT (////// , 5X , 15HLINKAGE ELEMENT , 5X , 14H AVERAGE LENGTH) 

FORMAT (FO.O) 

FORMAT (5X, 15, 14X,F12 .4) 

FORMAT (/////, 25X , 12HCURVE POINTS , 5X, 11HB0ND STRESS , 11HSLIP VALUES) 
FORMAT (2F0.0) 

FORMAT (25X , 15 , 10X , F10 . 4 , 10X , F10 . 9) 

FORMAT (1H1,20X,33H CONCRETE COMPRESSIVE STRENGTH =, F12.4// 

20X, 32H CONCRETE TENSILE STRENGTH =,F12.4// 

20X, 35H YIELD STRESS OF PRESTRESSING WIRE =,F12.4// 



20X, 34H YIELD STRESS OF REINFORCEMENT 
20X, 33H SHEAR FACTOR 

20X, 33H CONCRETE FAILURE STRAIN 
20X, 34H NO. OF LOAD INCREMENTS 

20X, 34H NO. OF TYPE-1 STEEL ELEMENTS 



= ,F12 . 4// 
= , F5.3// 
= , F6.5// 
= , 15// 
= ,15) 



FORMAT (1410) 



FORMAT (1H1 : 


, 20X, 


37HNUMBER 


OF ELEMENTS 




= , 15// 


1 


20X j 


, 37HN0 


OF 


NODAL POINTS 




= ,15// 


2 


20X 3 


, 37HN0 


OF 


TYPE 1 ELEMENT 




= ,15// 


3 


20X 3 


, 37HN0 


OF 


TYPE 2 ELEMENT 




= ,15// 


4 


20X 3 


, 37HN0 


OF 


TYPE 3 ELEMENT 




= ,15// 


5 


20X 3 


, 37HN0 


OF 


NODESIN TYPE1 ELEMENT 




= ,15// 


6 


20X, 


, 37HN0 


OF 


NODESIN TYPE2 ELEMENT 




= ,15// 


7 


20X 3 


, 37HN0 


OF 


NODESIN TYPE3 ELEMENT 




= ,15// 


8 


20X 3 


, 36HSECTI0N REFERENCE FOR TYPE1 


ELEMENT 


= ,15// 


9 


20X 3 


, 37HN0 


OF 


BOUNDARY CONDITIONS 




= ,15// 


1 


20X 3 


, 35H NO OF DEGREES OF FREEDOM PER NODE 


= ,15// 


1 


20X 3 


, 37HN0 


OF 


GASS POINTS FOR INTEGRATION 


= ,15// 


1 


20X j 


, 38HSECTI0N REFERENCE FOR TYPE3 


ELEMENT 


= ,15////) 



FORMAT (5X, 5HN0DES, 10X, 12HX-C00RDINATE, 10X, 12HY-C0 ORDINATE, 
1 10X , 12HZ-C00RDINATE) 

FORMAT (3F0.0) 



Presented by www.pdfbooksfree.pk 



692 



Appendix A 



50 FORMAT (5X, 15, 13X, F10.4,12X, F10.4, 12X,F10.4) 

60 FORMAT (1H1 ,5X, 11HELEMENT NO . , 10X , 33HC0NNECTIVITY ARRAYS (NODE N 

10S) , 

1 10X, 17HSECTI0N REFERENCE, 3X, 17HEL IDENTIFICATION) 

65 FORMAT (1010) 

66 FORMAT (5X , 15 , 5X , 815 , 18X , 13 , 14X , 15) 

67 FORMAT (410) 

68 FORMAT (5X , 15 , 12X , 216 , 39X , 13 , 14X , 15) 

69 FORMAT (410) 

70 FORMAT (5X , 15 , 12X , 216 , 12X , 15 , 28X , 15) 

71 FORMAT (2F0.0) 

72 FORMAT (8X, 15, 11X,F12.3, 12X,F10.6) 

75 FORMAT (1H1, 3X, 17HSECTI0N REFERENCE , 5X , 38H ELASTIC MODULUS OF 

1 CONCRETE ,27H* * * * *POISSION 5 S RATIOS * * **) 

80 FORMAT (6F0.0) 

81 FORMAT (/////////, 5X, 11HSECTI0N REF , 8X , 14HY0UNGS MODULUS, BX, 

1 13HDIA. OF STEEL) 

85 FORMAT (8X, 13 , 12X, F10.2,2X,F10.2,2X,F10.2,4X,F4.3,2X,F4.3,2X,F4.3 

1 ,2X,F4.3,2X,F4.3,2X,F4.3) 

90 FORMAT (1H1 , 5X, 10HZERO NODES, 10X, 11HC0NSTRAINTS) 

95 FORMAT (210) 

100 FORMAT (5X , 15 , 14X , 16) 

105 FORMAT (F15. 4) 

106 FORMAT (810) 

107 FORMAT (5X, 15, 5X, 615, 28X, 13, 14X, 15) 

207 FORMAT (///////, 15X , 20HHALF BANDWIDTH IS = 3 5X,15) 

RETURN 

END 



SOC Listing 



* LIST 8 

* CARCS COLUMN 

* FCRIRAN NCRM 

C VERSION CURRENT OCTOBER 1969 

CLICHE COMMON 

COMMON WHICH CAN VARY WITH TIME 

COMMON NC, JN, LN, TT, IR, LX, ENI , RN(12C2) , DRMX(1202), VMX(1202 

1) , PX(1202) , QMX(1202), SIGR(1202) , SIGT(1202) , XMU(1202) , AM(1202 

2) , Cl (1202) , CR(1202), DV(1202) , DVC(1202), EC(1202), ISV(1202) , 

3 P(1202) , Q (1202) , CK(1202), TK(1202) , VN(1202) , V0(1202), AMU(120 
42), E(1202) , 1(1202), R(1202) , V(1202) , TC(12), TIC(12), RPL(25), 

5 CT, DTH, DTN, DTPR, EPP, ETOT, FDT, HDTI , IL, IPI, IPU, ITCX, 

6 IBANK, NCD, PJM, PTS, CXT, RJH, STR, SXN, TPR, HDTH, TTS 
COMMON WHICH REMAINS THE SAME FOR DURATION OF PROBLEM 

COMMON CPLOT, IEPLOT, IRPLOT, IHEAC(8), GR, DXT, PLOD(IOO), GAS(27 
128), PT (400) , FMU(400) , DPM(400) , PTC(200), FMC(200), DPC(200), 

2 EK(200) , EP(200) , DEK(200), CK(200) , CP(200), CKP(200), AK(10), 

3 VI(10), RM(10) , AMZ(IO) , AM1(10), AM2(10), GXK(IO), PZO(IO), Pl(l 
40), P2 (10) , GSL(IO) , GCT(IO) , SE(O) , EF(10), EV(10) , GSI(IO), 

5 IT(10) , ITT(IO) , IP(10), RB(ll), RHO(ll), GK(10) , CF, CCN, HCCN, 

6 IRZ , REZF, IWRT(4) , PPR(61) , TP(61) , IVR, IALF 



Presented by www.pdfbooksfree.pk 



Appendix A 



693 



COMMON WHICH IS USED FOR GENERAL CALCULATION BUT NOT SAVEC 

COMMON ABF (4004) , ABA (4004) , ABB(4004), BF(200), EN(ll) , OCH(ll) , 

1 ENC(ll), EDP(6), FDT(6) , EDTL(6) , ING(25) , FNG(25) , IDN(4) , PRI, 

2 IC (2) , MC(2) , ID(8) , A, ABS, AMC, AME, AMPI, B, BARK, C, CKL, CRC 
3, CIC, CZC, CAVR, CRT I , CVEL, CVRC, D, DP, CU, CEC, DRI, CR2, DRH, 

4 CRS , DIV, DV1 , DVK, EW, EDV, EKL, ETA, ETW, EJTW, ERCU, FA, FST, 

5 FSTM, FSTR, Gl, G2, GAM, GLN, GMI, GMU, IBX, III, IIJ, IPB, IPDT, 

6 ITER, ITOT, ITIME, ITOTL, ITSTP, J, K, L, LL, LP, M, N, NN, NP, 

7 NCYC, CFF, PCT, PL3, PL4, PQ1, PC2, PBAR, CO, CS, QKS, QSAV, R21, 

8 R22 , RDR, RH1 , RH2, ROR, RZI , RACT, RII21, RH22, RMV1, RMV2, SK, 

9 SLC, SLE, SLP , SMU, SDSP, SLP1, STAB, TV, TAR, TBR, TFR, TK1 
COMMON TK2, T01, TQ2, TRR, TERK, VCC, VDV, VM1, VM2, VN1, VNH, 

1 V0L1 , V0L2 , WT, YN1 , RIX(IO) , GW, F, S, AD, AF, CA, CB, DC, CD, 

2 KIM, ZETA, LIL 

COMMON CT(1202), EKS(1202) 

EQUIVALENCE (YN1 , RIX(l)) 

EQUIVALENCE (I0N(4) ,PRI) 

EQUIVALENCE (ING,FNG) 

END CLICHE 
USE COMMON 

C READ 68 AND WRITE 6A 
CALL REGST 
N= . LOC . ABF(l) 

J= . LOC . ZETA 
N= J-N 

DC 1 LIL=1,N 
ABF (LIL) =C. 

1 CONTINUE 

CALL REWIND (16) 

CALL CLOCK (M0(1), MO (2)) 

CRTI=1. 

NCYC=J=5 

L=16 

2 BLFFER IN (16,1) (DPLOT, IALF) 

3 IF (UNIT, 16, M) 3, ,219,219 
CALL RECEOF (16) 

J=5 

4 BUFFER IN (16,1) (NC,TTS) 

5 IF (UNIT, 16, M) 5, ,22C,220 
BACKSPACE FILE 16 

CALL BSPACE (16) 

CALL FSPACE (16) 

READ INPUT TAPE 2, 95C, (ID(J) , J=l,8) 

READ INPUT TAPE 2, 951, GW, ITIME, A, STR 
STR=100 , *STR 

CALL ASSIGN (7,0, 10HSCCPL0TBUF,4020C) 

SET UP RUNNING TIME 
IF (ITIME) ,7,7 
IF (IBANK) 6, ,6 
IBANK=-ITIME 

6 ITIME=IBANK 

7 IBX=1 

TTS=MAX1F (GW* 1000 . ,TTS) 

ECK FOR RIGHT TAPE 
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DC 8 J=l,8 

IF (IHEAD(J)-ID(J)) ,8, 

WRITE OUTPUT TAPE 3, 954, (IHEAD(J) , J=l,8) 
CALL ERROR (0.) 

8 CONTINUE 
K=6 

IF (A) , ,9 
CALL WRSO 
GO TO 1C 

9 CALL RECEOF (6) 

CALL BSPACE (6) 

10 CALL WRST 
CALL WRTEOF (6) 

CALL BSPACE (6) 

CALL BANDP (ICN(l) , ICN(3)) 

B=ICN(2) 

B=B/PRI 

A=B-40. 

ICN(1)=A 

IF (ITIME) , ,11 

ITIME=I0N(1) 

GO TO 12 

11 ITIME=XMIN0F(I0N(1), ITIME) 

12 IT0TL=8 

IF (NC) 13, ,13 
CLE 1 CONSTANTS INITIALIZED 

CALL BANDP (ION(l) , I0N(3)) 

A=I0N(2) 

A=A/PRI 

ITOT=A 

ITCT=ITCTL— ITOT 
GO TO 15 

CHECK CLOCK FOR TIME STOP — INCREMENT COUNTER 
C EVERY 20 CYCLES GOES TO 10 INSTEAC OF 11 

13 ITSTP=0 

CALL BANDP (ICN(l) , ICN(3)) 

A=I0N(2) 

A=A/PRI 

ITCT=A 

ITCT=ITOTL-ITCT 

14 ITSTP=ITSTP+1 
CALCULATE DELTA T 

A=1.1*DTH 

B=(SQRTI(SXN))/3. 

B=MINIF(B, A) 

DT= . 5* (B+DTH) 

DTH=B 

CHECK FOR PRESSURE PROFILE 

15 IF (IPO-2) 20,16, 

C OUTER PRESSURE PROFILE 

L=1 

GO TO 17 

C INNER PRESSURE PROFILE 

16 L=LX 



Presented by www.pdfbooksfree.pk 



Appendix A 



695 



17 TK(L) =0 . 

18 A=DIMF (TP(IPI+1) ,TT) 

IF (A) 19, ,19 
IPI=IPI+1 

IF (TP(IPI+1)) , ,18 

IP0=1 

GO TO 20 

19 A=TT— TP ( IPI ) 

B=TP(IPI+1) — TP(IPI) 

P(L)=PPR(IPI) + (PPR(IPI+1)-PPR(IPI))*A/B 

EPP=EPP+ (P JM*HDT1+P (L) *DTN) *V (L- 1 ) *CCN* (3 . *R JH*R JH+FDT*V (L- 1 ) *V ( 

ID) 

ETOT=EPP+ENI 

CYCLE CONSTANT INITIALIZATION 

20 PCT=BARK=0 . 

TT=TT+DTH 

HDTI=.5*DT 

HDTH=.5*DTH 

DTN=DTH— HDTI 

FDT=HDTP*HDTH 

L=IR 

SXN=DXT 

QXT=ABSF(QXT) 

VCC=1 . OE— 3*QXT/SQRTI (AK(L) *RHC(L+1) ) 

VCC=MINIF (VCC , 1 . OE— 8) 

QXT=1. 

PC1=P(JN)+Q(JN) 

TC1=TK(JN)+CK(JN) 

IF (I ( JN) ) ,21, 

DR1=DR(JN— 1) — CR( JN) +RN(JN— 1) — RN (JN) 
R21=DR(JN-1)+CR(JN)+RN(JN-1)+RN(JN) 

VCL1=VN ( JN) — DVO ( JN) 

VM1= (V0L1-DV( JN) ) /AM( JN) 

TK1=TQ1*VM1/R21 

RMV1=DR1/VM1 

RH1=R ( JN- 1) +V ( JN- 1 ) *HDTH 
RH21=RH1*RH1*V ( JN— 1) 

CALCULATION OF J-LINES BEGINS HERE 

21 CC 144 J=JN,LN 
GAM=0 . 

III=(I(J)-1)/10C+1 

EC(J)=E(J) 

VC(J)=V(J) 

CALCULATE EQUATIONS OF MOTION 
IF (R( J) ) 218,27, 

PC2=P(J+1)+Q(J+1) 

TC2=TK(J+1)+QK(J+1) 

IF (I(J+D) ,28, 

CR2=CR(J)-DR(J+1)+RN(J)-RN(J+1) 

R22=DR(J)+DR(J+1)+RN(J)+RN(J+1) 

VCL2= VN ( J+ 1 ) -DVC ( J+ 1 ) 

VM2=(V0L2-DV(J+1))/AM(J+1) 

TK2=TQ2*VM2/R22 

RMV2=DR2/VM2 



Presented by www.pdfbooksfree.pk 



696 



Appendix A 



IF (I ( J) ) ,29, 

ROR= (TK2*DR1+TK1*DR2) / (DR1+DR2) 

RCR= . 5* (RMV1+RMV2) 

22 A= (PQ1— PQ2) /RDR 
IF (V(J)) ,23, 

VCC=1.E-2C 

23 DV1=DT* ( 1 . 333333333* (TQ1-TQ2) /RDR+A+8 . *RCR+GR) 
V(J)=V(J)-DV1 

IF (ABSF (V( J) ) — VCC) 30,30, 

24 C=DTH*V(J) 

RH2=R(J) + .5*C 
RH22=RH2*RH2*V(J) 

DR(J)=DR(J)+C 

R(J)=RN(J)+DR(J) 

CRS=R(J— l)-R(J) 

IF (I ( J) ) ,113, 

25 C=(V(J)-V(J-1))*(V(J)*(V(J-1)+V(J))+V(J-1)*V(J-1)) 
C=DTH* (3 . * (RH22-RH21) +FDT*C) 

DV(J)=DV(J)+C 
VN1=V0L1— DV ( J) 

VNH=VN1+.5*C 

D= (DV ( J) +DVC ( J) ) /VN1 

AMP1=D+1. 

EDV=C/VN(J) 

DVK=C/VNH 

FTA=VN(J)/VNH 

VCV=VN( J) *C/ (VM1* (VN1+C) ) 

DU=V(J— 1) — V(J) 

DRH=RH1— RH2 
IF (CU) ,26,26 
ERCU=ETA*DU*RH0(L+1) 

QSAV=ERCU*DU 

6 TER=3 . *CTH*CU/DRH 
TERK=DVK+TER 

IF (III— 3) 31,31, 

IF (I ( J) — 40C) 116,125,125 
CALCULATE BOUNDARY CONDITIONS 

7 RH2=RH22=0 . 

GO TO 25 

8 RCR=.5*RMV1 
R0R=TK1 

GO TO 22 

9 RDR= . 5*RMV2 
R0R=TK2 

GO TO 22 

CALCULATIONS MADE WHEN LITTLE OR NO ACTIVITY EXISTS 

10 V(J)=0. 

IF (V(J-l)) 24, ,24 
RH2=R(J) 

RH22=0. 

IF (III— 3) 113,113, 

IF (III— 4) ,24, 

C=DR1*(R(J— 1)*R21+R(J)*R(J)) 

PCT=C*P(J)+PCT 
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GO TO 113 

CALCULATE SLOPE AND PRESSLRE FOR I LESS THAN 300 
11 N=IT(L)+1 
NP=IP(L)+1 
PL3=SLP=SMU=0 . 

IF (XMU ( J) -2 . *GCT (L) *AM2 (L) ) ,47,47 
IF (XMU(J)) 56, , 

IF (D— XMU(J) ) 32, , 

XMU(J)=C 
GO TO 42 

IF (XMU(J)-AMl(L)) 42,42, 

IF (III— 2) 34, , 

IF CPC J) ) , ,34 
IF (XMU( J) — AM2 (L) ) 33, , 

XMU(J) = . 98*AM2(L) 

XMU(J) = -XMU(J) 

GO TO 56 

IF (XMU( J) — AM2 (L) ) ,48,48 
IF (D— . 95*XMU( J) ) ,42,42 
PECIAL UNLOAdING SCHEME - A - 
IF (D— AMI (L) ) , ,35 
SLP=AK(L) 

GO TO 41 

35 CC 36 K=NP,NP+38 

IF (P(J)-PT(K)) 37,37, 

IF (FMU(K+1) — FMU(K) ) 37,37, 

36 CONTINUE 
K=NP+38 

37 SLE=DPM(K) 

DO 38 K=N,N+18 

IF (P( J) — PTC(K) ) 39,39, 

IF (FMC(K+1) — FMC(K) ) , ,38 

SLC=SLE 

GO TO 40 

38 CONTINUE 
K=N+18 

39 SLC=DPC(K) 

40 SLP1=SLE+XML ( J) * (SLC-SLE) /AM2 (L) 
SLP=SLP1-AM1 (L) * (SLP1-AK (L) ) /C 

41 PL3=P(J)+SLP*VDV 
GO TO 65 

CALCULATE ELASTIC P-MU TABLE - B - 

42 ABS=D 
CALL PSUB 
GO TO 65 
ENTRY PSUB 

DO 44 K=NP,NP+38 

IF (ABS— FMU(K) ) ,45,43 

PL3=PT (K- 1 ) + ( ABS-FML (K- 1) ) *DPM (K) 

GO TO 46 

43 IF (FMU(K-|-1) — FMU(K) ) 45,45, 

44 CONTINUE 
K=NP+38 

45 PL3=PT(K) + (ABS-FMU(K))*DPM(K) 
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46 SLP=DPM(K) 

RETURN PSUB 

CALCULATE CRUSHED P-MU TABLE 

47 XMU(J)=MAX1F(D, XMU(J)) 

48 SLP=AK(L)*.C1 
ABS=D 

DC 51 K=N-1,N+18 
IF (D— FMC(K) ) 49, ,50 
PL3=PTC(K) 

SLP=DPC(K) 

GO TO 52 

49 IF (K-N) 52, , 

PL3=PTC (K- 1 ) + (D-FMC (K- 1 ) ) *DPC (K) 

SLP=DPC(K) 

GO TO 52 

50 IF (FMCCK+ 1)-FMC GO) , ,51 
CALL PSUB 

GO TO 52 

51 CONTINUE 
CALL PSUB 

52 IF (D— . 985*XMU( J) ) ,65,65 
ABS=XMU(J) 

PL4=PL3 
SLP1=SLP 
CALL PSUB 

GAM= . 5*PL3*XMU( J) / (1 . +XMU( J) ) 

GAM=GXK (L) * (GAM-EF (L) ) / (EV (L) -EF (L) ) 

IF (GAM), ,53 
PL3=PL4 
SLP=SLP1 
GO TO 65 

53 GAM=MIN IF (GAM , GXK (L) ) 

ABS=C 

IF (D) , ,54 
PL4=GSL(L)*C 
PL3=SLP=0. 

SLP1=GSL(L) 

GO TO 55 

54 CALL PSUB 

55 DP=GAM* (E( J) — . 5*PL3*D/AMP1) 

PL4=PL4+DP 

SLP=SLP1+ . 5*GAM* ( (PL4+P ( J) ) /ETA- ( . 5* (B+AMU ( J) ) *SLP+PL3/ETA) ) /ETA 

PL3=PL4 

IF (SLP) ,65,65 

SLP=.01*AK(L) 

GO TO 65 
CALCULATE S.L.S. 

56 IF (D— AMZ(L) ) , ,57 
PL3=0. 

SLP=AK(L) 

GO TO 65 

57 DO 58 K=N,N+18 

IF (P(J) — PTC(K) ) 62, , 

IF (FMC(K+1) — FMC(K) ) 59,59, 
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58 CONTINUE 

59 DO 60 K=NP,NP+38 

IF (P(J)-PT(K)) 61, , 

IF (FMU(K+1) — FMU(K) ) 61,61, 

60 CONTINUE 
K=NP+38 

61 ABS=FMU(K-1) + (P(J)-PT(K-1))/DPM(K) 

SLP=DPM(K) 

GO TO 63 

62 ABS=FMC (K- 1) + (P ( J) -PTC (K- 1) ) /CPC (K) 

SLP=DPC(K) 

63 IF (D-ABS) ,64,64 

IF (ABS— AMZ(L) ) ,64, 

SLP= (D-AMZ (L) ) *SLP/ (ABS-AMZ (L) ) 

64 PL3=P(J)+SLP*VDV 
IF (PL3) ,65,65 
PL3=0 . 

- EXIT - 

65 IF (E(J)-EF(L)) ,66,66 
ABF(IBX+1)=V(J) 

A=ISV(J) 

ABF (IBX+2) =SIGNF (Cl ( J) ,A) 

ABF(IBX+3)=AMU(J) 

ABF(IBX+4)=P(J) 

ABF ( IBX+5 ) =TK ( J ) 

IBX=IBX+7 

209 CONTINUE 

IF (IEPLOT) 211,211, 

ABF(IBX-1)= -100. 

ABF (IBX) =ETCT 

DC 210 N=l,6 

ABF ( IBX+ 1 ) =EDTL (N) 

IBX=IBX+1 

210 CONTINUE 
IBX=IBX+1 
GO TO 212 

211 ABF(IBX-1)= -10. 

212 IF (ITSTP-2C) 14,13,13 

213 L=2 

CALCULATE BALANCE OF REAL TIME IN ACCOUNT (NEG. RUNNING TIME) AND RESET 

214 IF (IBANK) 215,215, 

IBANK=IBANK— ITOT 

215 111=2 

C - EMPTY PLOT BUFFER ONTO 68 BEFORE TERMINATION 
IF (DPLCT) 216,216, 

CALL PLTOUT 

C - WRITE FINAL DUMP ON 68 

216 K=16 
CALL WRST 
K=6 

CALL PLOTE 
CALL WRST 
CALL WRTEOF (6) 

CALL UNLOAD (6) 
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CALL CLCCK (IC(1) , IC(2) ) 

WRITE OUTPUT TAPE 3, 966, ITOT, IC(1),IC(2) 
WRITE OUTPUT TAPE 3, 967 
CALL 00ND3A(3) 

CALL 00ND3A(61) 

IF (L— 1) ,217, 

READ INPUT TAPE 2, 971, L 
IF (L— 8) 217, ,217 
C - CALL PLOT 

CALL CHAIN (5,5) 

C - UNLOAD TAPES - CALL EXIT - NO PLOT 
217 CALL UNLOAD (16) 

CALL EXIT 

CREATE IF RADIUS NEGATIVE 

OUTPUT TAPE 3, 968, J-l 
ERROR (1.) 

ROUTINES 

219 CALL TSTR 

GO TO (221,2,2,2), J 

220 CALL TSTR 

GO TO (221,4,4,4), J 

221 WRITE OUTPUT TAPE 3, 972 
PRINT 972 

CALL 00ND3A(3) 

CALL 00ND3A(61) 

CALL EXIT 

C MAIN CODE TAPE SUBRCUTINES 
ENTRY TSTO 
CALL BSPACE (K) 

DO 900 M=l, (5— N) 

CALL WRBLNK (K) 

900 CONTINUE 
N=N— 1 
RETURN TSTO 
ENTRY WRSC 
N=5 

901 BUFFER OUT (K, 1) (DPLOT, IALF) 

902 IF (UNIT, K, M) 902,904, , 

CALL TSTO 

IF (N— 1) 901, ,901 
WRITE OUTPUT TAPE 3, 908, K 
IF (K— 6) 903, ,903 
RETURN WRSO 

903 CALL 00ND3A(3) 

CALL 00ND3A(61) 

CALL EXIT 

904 CALL WRTEOF (K) 

RETURN WRSO 
ENTRY WRST 
N=5 

905 BUFFER CUT (K,l) (NC,TTS) 

906 IF (UNIT,K,M) 906,907, , 

N=N— 1 

IF (N— 1) 905, ,905 
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907 RETURN WRST 
ENTRY TSTR 
CALL BSPACE (L) 

J=J-1 
RETURN TSTR 
FORMAT STATEMENTS 

908 FORMAT ( 7H1 TAPE ,13,38H IS BAD, PLEASE REPLACE IT AND RESTART) 

950 FORMAT (8A1C) 

951 FORMAT (E7.C, 17,2E7.0) 

952 FORMAT (///35H ENERGY TOTALS PER ORIGINAL REGIONS) 

953 FORMAT (///33H ENERGY TOTALS PER MATERIAL STATE) 

954 FORMAT (60H TAPE 68 AND CARD I.D. ARE NOT THE SAME, PROBLEM TERM IN 

1IATED///22H TAPE IS FOR PROBLEM ,8A10) 

956 FORMAT (1H1/8H SOC II ,7A10,4A10//, 9H STARTED ,1A8, 4H ON ,1A8/) 

957 FORMAT (1H1/8A1C,4A10) 

958 FORMAT (///43H N CYCLE DELTA T(N) DELTA T(N+.5) TIME//1X,16, 

11X,3E14. 5//42H DELTA T CONTROLLED BY ZONE WITH RADIUS = ,E14.5) 

960 FORMAT (//69H KINETIC ENERGY INTERNAL ENERGY GRAVITY 
1 TOTAL ENERGY// (4E18. 10)) 

961 FORMAT (///17H ENERGY INPUT IS ,E18.10) 

962 FORMAT (///35H THIS IS A PRESSURE PROFILE PROBLEM) 

963 FORMAT (///36H VOLUME WEIGHTED CAVITY PRESSURE IS ,E12.5) 

964 FORMAT (18H BAD ENERGY CHECK/) 

966 FORMAT (26H PROBLEM TERMINATED AFTER ,16,8H SEC0NDS///13H THE TIME 
1 IS , 1A8, 13H THE MACHINE ,1A8) 

967 FORMAT (1H1) 

968 FORMAT (1H1///19H NEGATIVE R AT J = ,14,14H CHECK PROBLEM) 

971 FORMAT (11) 

972 FORMAT (65H 3 BAD READS OF 68, CHECK TAPE AND UNIT, THEN RESTART 
1THIS JOB ) 

973 FORMAT (60H ERROR IN THIS PROBLEM. DO NOT TRY TO CONTINUE OR RES 
1TART . ) 

974 FORMAT (1H1///47H SLOPE LESS THAN OR EQUAL TO ZERO. CHECK INPUT//) 
1//117H CYCLE DELTA T(N) DELTA T(N+.5) J STATE P(N+1) 

2SL0PE MU(N+1) P (N) MU(N) MU MAX//1X,16, 

32E12 . 5 ,216, 5E13. 5 ,E12 . 5) 

975 FORMAT (1H1///30H MU-E/SLOPE GREATER THAN 1.501///60H MU-E 

1 SLOPE MU N+l PRESSURE LOC . //4E14 . 5 , 11) 

976 FORMAT (1H1///30H MU-C/SLOPE GREATER THAN 1.501///60H MU-C 

1 SLOPE MU N+l PRESSURE //4E14.5) 

977 FORMAT (45H END OF TAPE SENSED - DUMP TAKEN - RECORD = ,13) 

END 

* LIST8 

* CARDS COLUMN 

* FORTRAN PLTC 
SUBROUTINE PLIOUT 
USE COMMON 

CALL REWIND (7) 

BUFFER IN (7,1) (ABA(l) , ABA(4C04) ) 

M=4005 

J=1 

DO 7 N=1,IPB 
1 IF (UNIT, 7, K) 1,2,, 100 

WRITE OUTPUT TAPE 3, 103, N, IPB 
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103 FORMAT (20H END TAPE ERROR - N=,I3,6H I PB -,I3) 

GO TO 2 

100 IF (10 CHECK ,7) ,102 

WRITE OUTPUT TAPE 3, 101, N, IPB 

101 FORMAT (20H PARAITY ERROR - N =,I3,6H I PB =,I3) 

GO TO 2 

102 WRITE OUTPUT TAPE 3, 104, N, IPB 

104 FORMAT (20H WORD COUNT ERROR, N= , 13, 6H IPB =,I3) 

2 IF (N— IPB) ,3,3 

BUFFER IN (7,1) (ABA (M) , ABA (M+4003) ) 

3 BUFFER OUT (16,1) (ABA(J) , ABA( J+4003) ) 

4 IF (UNIT, 16, K) 4,5,, 

WRITE OUTPUT TAPE 3, 900 
IF (M— 1) , ,6 

M=4005 

J=1 

GO TO 7 

6 M=1 
J=4005 

7 CONTINUE 

8 CALL REWIND (7) 

BUFFER OUT (16,1) (ABF(l) , ABF(4004)) 

9 IF (UNIT, 16, K) 9,10,, 

WRITE OUTPUT TAPE 3, 900 

10 CALL WRTEOF (16) 

RETURN 

900 FORMAT (51H BAD TAPE READ/WRITE, PLOT MAY HAVE SOME BAD POINTS) 
END 

* LIST 8 

* CARDS COLUMN 

* FORTRAN RPLOT 
SUBROUTINE RPLOT 
USE COMMON 

A=R( JN) 

DO I J=JN,LN 
IF (I ( J)-390) 1, , 

B=R(J— 1) 

LP=J— 1 
GO TO 2 

1 CONTINUE 
B=R(LN) 

LP=LN 

2 YN1=GW=V(J) 

F=S=P( JN) 

AD=AF=TK(JN) 

DA=CB=EO ( JN) =P ( JN) + 1 . 3333333*TK ( JN) 

DC=CD=VO ( JN) =P ( JN) - . 66666667*TK( JN) 

DC 3 J=JN+1,LP 
YN1=MAX1F(YN1,V(J)) 

Gh=MINlF (GW, V( J) ) 

F=MAX1F (F,P(J) ) 

S=MIN1F(S,P(J)) 

AD=MAX1F (AD,TK(J) ) 

AF=MIN1F (AF,TK( J) ) 



Presented by www.pdfbooksfree.pk 



Appendix A 



703 



VO ( J) =P ( J) — . 66666667*TK ( J) 

EO ( J) =P ( J) +1 . 3333333*TK(J) 

DA=MAX1F(DA,E0(J) ) 

DB=MIN1F (DB ,EO ( J) ) 

D0=MAX1F (DC , VO ( J) ) 

DD=MIN1F(DD,V0(J)) 

3 CONTINUE 
K=LP— JN+1 

DO 12 J=l,10, 2 

IF (RIX( J) — RIX( J+l) ) 12,12, 

CALL SETCH (10., 2., 0, 0, 0, 0) 

GO TO (4, 5, 6, 8, 9), J/2+1 

4 WRITE OUTPUT TAPE 100, 450, (IHEAD(N) , N=l,8), TT 
L= JN+12020 

GO TO 7 

5 WRITE OUTPUT TAPE 100, 451, (IHEAD(N) , N=l,8), TT 
L= JN 

GO TO 7 

6 WRITE OUTPUT TAPE 100, 452, (IHEAD(N) , N=l,8), TT 
L=JN+3606 

7 CALL MAPG(B, A, RIX(J+1) , RIX(J)) 

CALL TRACE (R(JN) , P(L), K) 

GO TO 11 

8 WRITE OUTPUT TAPE 100, 453, (IHEAD(N) , N=l,8), TT 
L=JN 

GO TO 10 

9 WRITE OUTPUT TAPE 100, 454, (IHEAD(N) , N=l,8), TT 
L=JN+8414 

10 CALL MAPG (B, A, RIXCJ+l), RIX(J)) 

CALL TRACE (R(JN) , EOIL) , K) 

11 CALL FRAME 

12 CONTINUE 
RETURN 

450 FORMAT (8A1C/30H VELOCITY VERSUS RADIUS AT T = ,E12.5) 

451 FORMAT (8A1C/30H PRESSURE VERSUS RADIUS AT T = ,E12.5) 

452 FORMAT (8A1C/31H K-R THETA VERSUS RADIUS AT T = ,E12.5) 

453 FORMAT (8A1C/30H RADIAL STRESS VERSUS R AT T = ,E12.5) 

454 FORMAT (8A1C/34H TANGENTIAL STRESS VERSUS R AT T = ,E12.5) 
END 

* LIST 8 

* CARDS COLUMN 

* FORTRAN 



SUBROUTINE BANDP (IBA, ITL) 
USE COMMON 



C 

C 

C 

C 

C 

C 

C 



CALL BANDP ( A, B) 

STORES ASCII USER NUMBER IN A(l) 

STORES NUMBER OF SECONDS IN BANK ACCOUNT IN A (2) INTEGER 
STORES TL IN B(l) INTEGER SECONDS 
STORES PRIORITY IN B(2) FLOATING PT 



COMMON /GOBCOM/ GCOM 
ADDRESS ZETA 
DIMENSION IBA(2), ITL(2) 
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Appendix A 

ZETA=0 

KIM = (2401B. SHL. 48) .LN. ((.LOC. ERROR) .SHL.30) .UN. ( .LOC. IBA(l) ) 
GCOM= ( 1004B . SHL . 18) . UN . ( . LOC . KIM) 

GO TO ZETA 
GO TO OK 
GO TO ERROR 

IBA(2) =IBA(2) / lOOOOOO 

KIM = (2403B . SHL . 48) . UN . ( ( . LOC . ERR) .SHL.30 ) .UN. ( .LOC. ITL(l) ) 

GCOM= ( 1004B . SHL . 18) . UN . ( . LOC . KIM) 

GO TO ZETA 
GO TO THRU 
GO TO ERR 

ITL(1)= ITL(l) / 1000000 
RETURN 
END 

* LIST 8 

* CARDS COLUMN 

* FORTRAN ERRCR 
SUBROUTINE ERROR (ERR) 

USE COMMON 

CALL UNLOAD (16) 

CALL UNLOAD (6) 

IF (CRTI) 1, ,1 
CALL PLOTE 

1 IF (ERR) 3,3, 

WRITE OUTPUT TAPE 3, 100, NC, DT, DTH, TT, RADT 
DO 2 J=JN,LN 
I(J)=XSIGNF(I(J) ,ISV(J)) 

2 CONTINUE 

WRITE OUTPUT TAPE 3, 101, (J-l, DR(J) , R(J) , V(J), AMU(J) , P(J), 

1 Q(J), TK(J), QK(J), E(J), I(J), J=JN,LN+1) 

3 CALL 00ND3A (3) 

CALL 00ND3A (61) 

CALL EXIT 

100 FORMAT (18H1 ERROR PRINT0UT///43H N CYCLE DELTA T(N) DELTA T 
l(N+.5) TIME/ //X , 16 , IX , 3E14 . 5/ / 42H DELTA T CONTROLLED BY ZONE WIT 
2H RADIUS =,E14.5) 

101 FORMAT (/// 120H J DELTA R RADIUS VELOCITY MU 

1 PRESSURE SHOCK k R-THETA K SHOCK ENERGY ST 

2 ATE/ / (IX, 14,9E12 .5,17)) 

END 
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ERROR 

OK 



ERR 

THRU 
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Appendix B 

KOBE (Japan) Earthquake Versus Kashmir 
(Pakistan) Earthquake 



B.l. KOBE Earthquake versus Kashmir Earthquake 

The summary of the Japan meteorological Agency (JMA) has produced intensity 
scale and range exists from 0 to 7. Mostly the areas come under disastrous (No. 6) 
to very disastrous (No. 7). Number 7 where collapse of more than 30 % of 
wooden houses falling of objects, wavy deformation observed in horizon. The 
Kashmir Earthquake was similar. Despite all these the brick houses together with 
stoney ones, collapse like house of card. The Kobe Earthquake is known also as 
Hyogo-Ken Manbu. Although various spring dampers were used. In Kashmir no 
such things existed. The damage could have been more, had Kashmir not having 
stoney mountains or it had plane areas like KOBE. Based on modified Marcalli 
(MM) of XII, and JMA 7, the positional scale of KOBE lies between them. The 
disaster level in Azad Kashmir was much more it did not have modern construc- 
tion of houses, roads and amenities. Many thousands of human beings were 
carelessly killed or mammed in Kashmir since it did not have plane area to have 
access to when compared with that of KOBE. 



B.l Data comparison 



Serial 

Number 


KOBE 




Kashmir 


(i) 


M l = Magnitude = 7.6 on 


4 — >■ 


Magnitude = 7.6 on Richter 




Richter Scale 




Scale 


(2) 


Hypo-depth = 10 Km 


<— > 


Hypo-depth = 16 km 


(3) 


M w = Moment Magnitude = 6.9 


<— > 


7.2 


(4) 


M s = Surface Magnitude = 6.9 


«— ! » 


7.2 


(5) 


Epicentre Location = 34.527 N, 




40.35 N 




135.005E 




123.00 


(6) 


Fault line 50 km long SE (affecting 




100 km long NS (affecting 




small areas) 




large areas) 


(7) 


Accumulated stress Equivalent to 




Accumulated stress 




“2 No” Earthquake M L = 8.5 




Equivalent “4 No” 




or larger 




Earthquake M L = 8.5 
or larger 




Acceleration 


«— >• 


Velocity 


(8) 


(Max) (cm/s/s) 


Component 


(Max) (CMax) (cm/s) 




N-S EW UD 


«— >• 


N-S EW UD 




818.0 617.3 332.2 




55.1 344 cm/s 20.6 cm/s 
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Appendix B 



B.l (continued) 



Serial 

Number 


KOBE 


Kashmir 


( 9 ) 


Energy 


Energy 




More Eg. Less than Kashmir. <-► 


More E s , greater from 1 6 km 




Acceleration greater or lesser 


depth. More energy E s 




less energy. Separation time less 


transferred to the surface. 




between horizontal wave and 


Separation time is sharper. 




slowing moving surface wave is 


More impact, more 




longer and hence less impact 
and less destructive 


destruction 


(10) 


Vertical component of 


Vertical component of 




acceleration = 21% 


acceleration 30% 


(11) 


Peak ground acceleration from site within 10 km from zone of intense destruction, 
the fault zone of KOBE Earthquake 




Kobe Motoyama 


Kashmir 




PGA (g) = 0.79 


Muzzafar Abad 
PGA (g) = 0.83 




* Estimate distance from fault 
line = 1 km 


* Estimate 2 km distance 




Kobe University 


Border Area 




PGA(g) = 0.31 


PGA (g) = 0.32 to 0.33 




* Distance = 3 km 

* Distance from site within 10 km 
of the zone fo destruction. 


^Distance = 3 km 
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